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STUDIES ON THE FATTY ACID OXIDIZING SYSTEM OF 
ANIMAL TISSUES 


Ill. BUTYRYL COENZYME A DEHYDROGENASE* 


By D. E. GREEN,{ 8. MII,t ano H. R. MAHLER$ 


(From the Inslitute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


AND ROBERT M. BOCK 


(From the Department of Biochemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 6, 1953) 


8 oxidation has been considered the predominant pathway for fatty acid 
breakdown in animal tissues ever since the pioneering investigations of 
Knoop (3) and Dakin (4). This concept has received further substantia- 
tion from studies on particulate preparations and by the use of tracer car- 
bon. Dehydrogenation of the fatty acid to the corresponding @ ,8-unsatu- 
rated acid has been commonly assumed to be the first oxidative step in 
8 oxidation. This assumption has not heretofore been susceptible of rig- 
orous experimental verification, since neither the nature of the individual 
enzymatic steps nor that of the intermediates involved could be ascer- 
tained. The facts lending support to the réle of unsaturated acids as prod- 
ucts of fatty acid oxidation were 2-fold: the observations of Grafflin and 
Green (5) that the unsaturated acids were oxidized in mitochondrial sys- 
tems at speeds comparable to those of the parent acid, and the demonstra- 
tion by Stadtman and Barker that vinyl acetate can be converted to ace- 
toacetate in the soluble Clostridium kluyveri system (6). Similar 
observations on the oxidation of the unsaturated 4-carbon acids had been 
previously reported by Kleinzeller (7), based on work with kidney slices. 

The recent recognition of the réle of coenzyme A in fatty acid oxidation 
and of the nature of the “activated”’ intermediates in this process (1, 8) has 


* Preliminary reports concerning parts of this work were presented at the 123rd 
meeting of the American Chemical Society, Los Angeles, California, March, 1953 
(D. E. G.) and at the Forty-fourth annual meeting of the American Society of Bio- 
logical Chemists, Chicago, Illinois, April, 1953 (D. E.G. and H.R.M.). For previ- 
ous papers in this series see Mahler et al. (1) and Beinert (2). 

+ Supported by a grant from the National Heart Institute of the National Insti- 
tutes of Health. 

t Postdoctorate trainee of the National Heart Institute, 1952-53. 

§ Supported by a grant in aid of the American Cancer Society on recommendation 
of the Committee on Growth of the National Research Council. 
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2 FATTY ACID OXIDIZING SYSTEM. III 


made it possible to reexamine the problem of the nature of the first product 
in the oxidation of fatty acids. The present report will deal with the isola- 
tion from beef liver and with the purification and some of the properties 
of the enzyme butyryl CoA! dehydrogenase which catalyzes Reaction 1. 


(1) RCH,.CH.COSCoA — RCH=CHCOSCoA + 2e7 + 2 IT 


where R = H, CHs3, CoHs;, C3H:, or CsHy. Various electron acceptors can 
be utilized, notably 2 ,6-dichlorophenolindophenol, methylene blue, pyo- 
eyanine, cytochrome c, and ferricyanide.’ 


Results 
Assay Systems 


According to the stage of purity of the enzyme or the particular facet of 
enzymatic activity under study, different assay or test systems have been 
employed. Three will be described in which 2 ,6-dichlorophenolindophe- 
nol, pyocyanine plus triphenyltetrazolium chloride, and cytochrome c¢ 
serve, respectively, as electron acceptors. 

Indophenol Assay (10)—Into 1 ml. cuvettes are placed 10 uM of histidine 
of Tris buffer of pH 7.0, 20 y of 2 ,6-dichlorophenolindophenol, and 0.10 um 
of butyry] CoA in 0.95 ml. The optical density at 600 my is read (it should 
be approximately 0.500) and any changes occurring in the absence of en- 
zyme noted over a period of approximately 5 minutes. At the end of this 
period the enzyme is added, and readings are taken at 30 second intervals 
against a blank containing all components (including dye) but no butyry] 
CoA. If an amount of enzyme is used which will catalyze a change in 
optical density of approximately 0.010 to 0.050 per minute, the reaction 
rate is zero order until well over 75 per cent of the dye has been reduced 
and the initial rates are strictly proportional to enzyme concentration over 
a considerable range. 1 indophenol unit of enzymatic activity is defined 
as the amount of enzyme which catalyzes a change in optical density at 


1The following abbreviations will be used: Tris (tris(hydroxymethyl)amino- 
methane), TTZ (triphenyltetrazolium), K,,’ (Michaelis-Menten constant, deter- 
mined by varying one of the substrates in a standard assay system, with all other 
components maintained constant at standard conditions), CoA (coenzyme A), DPN 
(diphosphopyridine nucleotide), « (molar extinction coefficient, defined by the rela- 
tion e = optical density per molar concentration), AF° (standard free energy change, 
with all reactants at unit activity), E’» (standard electrode potential compared 
to the hydrogen electrode). 

2 While this investigation was in progress, a note was published by Seubert and 
Lynen (9) describing the oxidation of leucosafranine by the model compound S-cro- 


tonyl-N-acetylthioethanolamine and a yellow enzyme from sheep liver. Whether 


this enzyme is identical with the butyryl CoA dehydrogenase here described must 
await more complete characterization of the sheep enzyme. 
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GREEN, MII, MAHLER, AND BOCK 3 


600 my of 1.0 per minute at 22°, and is equal to 0.082 absolute unit (see the 
legend of Table 1). Specific activity is defined as units per mg. The in- 
dophenol assay is most useful for somewhat purified preparations, 7.e. from 
the stage of Fraction D and on. 

TTZ-Pyocyanine Assay’—Into 10 ml. test-tubes are placed 1 ym of bu- 
tyryl CoA, enzyme (2 to 200 y), 20 um glycylglycine buffer of pH 8.2, 80 
of pyocyanine, 1.2 mg. of TTZ (or of neotetrazolium), and 140 y of serum 
albumin in a total volume of 0.38 ml. Two blanks, one containing no 
butyryl CoA and one containing no enzyme, are set up at the same time. 
The tubes are placed inside a vacuum desiccator, which is then evacuated 
to <1 mm. of Hg pressure and placed in a 38° incubator for 1 hour. Air 
is admitted and 1 drop of 1 Nn HCl, 1.5 ml. of acetone, and 4.5 ml. of carbon 
tetrachloride are added to each tube. The red formazan is extracted into 
the organic phase, the layers being separated by centrifugation. The op- 
tical density at 485 mu is then determined. The values for both blanks 
are subtracted from that of the experimental. Under the conditions of 
the assay 0.5 X optical density equals the micromoles of TTZ reduced to 
formazan. 1 TTZ unit of enzymatic activity is defined as that amount 
which will catalyze the reduction of 1 um of TTZ per hour at 38° and equals 
one-sixtieth of an absolute unit. Reduction of TTZ is proportional to 
time between 30 and 120 minutes and proportional to enzyme concentra- 
tion over a 10-fold range. The TTZ assay is a useful one, especially for 
crude enzyme preparations to which the indophenol assay cannot be ap- 
plied. 

Cytochrome c Assay—The components are the same as those for the in- 
dophenol assay except that 1 mg. of cytochrome c is substituted for indo- 
phenol. ‘The increase in optical density at 550.5 my is determined against 
a blank without enzyme. Rates are zero order only for the first 3 minutes 
or so and fall off fairly rapidly thereafter. 

A similar assay can also be based on the use of ferricyanide as an oxi- 
dizing agent. In that case 0.5 um of K;Fe(CN), is used and the decrease 
in optical density at 410 my is measured. 


Purification 


7xtraction and First Ammonium Sulfate Fractionation—The preparation 
of the acetone powder of liver particles and its extraction are carried out 


’ The following rationale underlies the use of the combination pyocyanine (or 
methylene blue) plus TTZ: the enzymatic reduction of TTZ by flavoproteins is very 
slow, much slower than the corresponding reduction of pyocyanine (or methylene 
blue). On the other hand, the non-enzymatic reduction of an excess of TTZ by the 
(enzymatically) reduced carrier pyocyanine is very rapid. Thus the combination of 
acceptors actually employed is capable of rapid reduction by the enzyme and at the 
same time still takes advantage of the solubility behavior of the reduced formazan. 














FATTY ACID OXIDIZING SYSTEM. III 
as described in the first publication (1). 300 to 400 gm. of acetone powder 
yield about 100 gm. of extractable protein, containing 400 absolute enzyme 
units (Table I). 28 gm. of solid ammonium sulfate are then added to each 
100 ml. of extract. The precipitate is removed by centrifugation and an 
additional 22 gm. of ammonium sulfate added to the supernatant solution. 
The precipitate is collected and redissolved in a minimal volume of 0.02 
mM KHCO; (Fraction B). 

Second Ammonium Sulfate Fractionation—Fraction B is made 40 per cent 
with respect to saturated ammonium sulfate at pH 7.0 and the precipitate 


discarded. The saturation is then raised to 50 per cent. The precipitate, 


TABLE I 
Purification of Butyryl CoA Dehydrogenase from Beef Liver 





Fractionation step Fraction =. | Protein oe 
mg. per cent 
Acetone powder extract........ A 0.0040 100,000 100+ 
Ist (NH,)2S0O, fractionation... . : B 0.0086 29, 600 86 
as a SG di C 0.020 12,000 | 60 
Zn(OH)- gel supernatant.............. D 0.045 5,350 | 42 
ist alcohol fractionation. ... Z3 E 0.25 336 | 21 
Alumina Cy eluate........... yoae F 0.40 152 | 15.2 
2nd alcohol fractionation. ..... Pee G 0.60 67 | 10.0 
Electrophoresis......................-. H 1.00 10 | 4.0 


* Specific activity taken as 1.00 for the electrophoretically purified enzyme (see 
the text). This corresponds to a ADgoo of 12.2 X min.~! X mg. of enzyme™ in the 
standard indophenol assay system. 

+ Taken arbitrarily as 100. 





collected by centrifugation, is dissolved in a minimal volume of 0.02 m 
KHCO; (Fraction C). 

Treatment with Zn(OH): Gel—Fraction C is dialyzed for 2 hours versus 
100 volumes of 0.02 m KHCO;. The protein concentration is then adjusted 
to 15 to 20 mg. per ml. and a sufficient amount of Zn(OH)> gel stirred in 
to remove all red and brown proteins. The supernatant liquid should have 
a definite light green color after this gel treatment. Usually about 1.25 
volumes of a gel having a dry weight of 20 to 30 mg. per ml. will be re- 
quired and the final protein concentration in the supernatant solution will 
be between 2.0 and 3.0 mg. per ml. 50 gm. of solid ammonium sulfate are 
then added for each 100 ml. of supernatant solution and the pH is kept 
constant at 7.0 by the dropwise addition of concentrated NH,OH. A 
0.02 m KHCO; solution of this precipitate constitutes Fraction D. 

First Ethanol Fractionation—Fraction D is dialyzed versus 0.02 m KHCO; 
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GREEN, MII, MAHLER, AND BOCK 5 


for 6 hours and is then fractionated with alcohol at low temperature. An 
equal volume of alcohol is stirred slowly into the cooled solution of enzyme 
and the temperature gradually lowered to —10 to —15° and then main- 
tained at that point for 15 minutes. The precipitate is discarded. The 
alcohol concentration is then slowly raised and fractions are removed when- 
ever a significant amount of protein begins to separate. In this manner 
five fractions are collected between 50 and 75 per cent (volume per vol- 
ume) ethanol concentration. The precipitates are dissolved in 0.02 m 
KHCO; and the two fractions of highest specific activity (precipitating in 
the range 60 to 70 per cent ethanol) are pooled and constitute Fraction E. 
An alternative method for selecting the best fractions other than by en- 
zymatic test consists of measuring the absorption at 430 my and determin- 
ing the ratio Dy per mg. of protein. The fractions showing the highest 
ratio (>0.1) are pooled and constitute Fraction E. The subsequent paper 
in this series discusses more fully the validity of using the flavin content of 
the preparation as an index of purity. 

Adsorption on Alumina Cy—The bright green Fraction E is treated with 
alumina Cy (11) until the supernatant solution is colorless. The gel is first 
washed with 0.01 m K»HPO,, the washings being discarded. The enzyme 
is eluted with several volumes of 0.04 m K2HPO,. The active protein is 
precipitated by the addition of 50 gm. of (NH4)2SO, per 100 ml. of eluate 
and is then redissolved in 0.02 m KHCO; (Fraction F). 

Second Ethanol Fractionation—The Fraction F protein is then refrac- 
tionated by means of ethanol with 0.1 m Tris chloride at pH 8.0 as support- 
ing electrolyte. For this purpose the enzyme is first dialyzed for 2 hours 
against a buffer, 0.05 m in Cl-, and neutralized to pH 8.0 with Tris hy- 
droxide. The alcohol fractionation is then carried out essentially as de- 
scribed above. Four fractions are collected and the two showing the high- 
est activity (or alternatively a ratio >0.17 to 0.20) are pooled and consti- 
tute Fraction G. 

Further Purification—Further purification can be achieved by repeating 
the steps to obtain Fractions F and G. In this manner preparations show- 
ing an absolute specific activity of 0.75 to 0.80 can be obtained. An al- 
ternative method, which at the same time permits a determination of the 
purity of the enzyme, takes advantage of the fact that the protein of the 
green enzyme has by far the highest electrophoretic mobility (in Tris buffer 
of pH 8.0) of all the proteins contained in Fraction G. The enzyme solu- 
tion is dialyzed for 6 to 12 hours against the buffer already described (see 
“Second ethanol fractionation”) and is then subjected to analytical elec- 
trophoresis. As discussed below, the fast moving peak containing from 20 
to 60 per cent of the total protein carries all the green color and all the en- 
zymatic activity. If the specific activity is 0.50 or better, complete reso- 
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lution can be achieved in about 3 to 4 hours and the protein under the 
rapidly moving peak is removed by means of a syringe. The optical sys- 
tem of the Tiselius apparatus is used to determine the extent of separation 
and to avoid cross-contamination. 

Physical Properties—On electrophoresis at pH 7 to 8 in phosphate or 
Tris chloride buffers, that component of Fraction F or G which carries the 
green color moves with the highest negative mobility. This was demon- 
strated by photographing the highly resolved schlieren patterns (after elec- 
trophoresis up to 16 hours in a potential gradient of 8.5 volts em.—') with 
the 436 and 546 my lines from the H-4 mercury lamp. No component 
absorbed at 546 my, and the maximal gradient in light intensity versus 
distance in the cell for 436 mu coincided exactly with the maximal gradient 
in protein concentration for the fastest moving peak. No other component 
of the mixture absorbed at 436 mu. 

The mobility of butyryl CoA dehydrogenase at pH 8.0 in 0.05 ionic 
strength Tris chloride is 5.0 X 10-> em. volt~! see’. Fraction H (elec- 
trophoretically isolated enzyme) gave a single peak in the analytical ultra- 
centrifuge. The identity of this peak with the green pigmented enzyme 
was again confirmed by photographs of the 436 mu Hg line. The sedi- 
mentation constant, corrected to 20° and water, is7.4 X 10~" second fora 
0.2 per cent protein solution. 

If the molecule is assumed to have a partial specific volume of 0.74 + 
0.01 and to have a frictional coefficient between 1.15 and 1.50, the molec- 
ular weight would fall in the 120,000 to 220,000 range.‘ 


Oxidation of Butyryl CoA by Indophenol 


Kinetics of Reaction—Under the conditions of the indophenol assay the 
rate of dye reduction is zero order and proportional to enzyme concentra- 
tion. Its dependence on butyryl CoA concentration is shown on Fig. 1, A. 
When the data of this figure are plotted by the reciprocal method of Line- 
weaver and Burk (12) (Fig. 1, B), it can be seen that they are consonant 
with Michaelis-Menten (13) behavior with a K,,’ of 1.4 X 10-'m. Simi- 
larly, rate of reduction as a function of indophenol concentration has been 
determined. The K,,.’ is 3.3 X 10-4. 

Variation with pH—In histidine or Tris buffer initial rates of reduction 
are maximal at pH 7.0. The rates at pH 6.5, 7.5, and 8.0 are 42, 78, and 
65 per cent of the maximal rate, respectively. A similar dependence on pH 
is also observed in phosphate buffer, but rates in this buffer are uniformly 
half those in histidine or Tris buffer. 


‘ These assumptions would be valid for an estimated 90 per cent of the pure pro- 
teins for which these properties have been determined. Light scattering studies 
are in progress in order to determine the molecular weight with greater precision. 
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ba | 


Turnover—Under standard conditions 1.0 y of an enzyme of absolute 
specific activity 0.90 led to a ADgo of 110 per 10 minutes. This corre- 
sponds to a rate of dye reduction of 0.77 um per minute per mg. of pure 
enzyme. The molar extinction coefficient, €, is taken as 1.6 XK 107 em. 
per mole for indophenol (14). If corrected for limiting velocities with re- 
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Fig. 1. A, dependence of indophenol reduction on butyryl CoA concentration. 
Standard indophenol assay; 22°; Tris buffer, pH 7.0; 2.5 y of butyryl CoA dehydro- 
genase added at 0 time. The following butyryl CoA concentrations were used: 
Curve A, 4.4 X 10° m, Curve B, 8.9 X 10° m, Curve C, 1.1 X 10-5 m, Curve D, 2.2 
X 10-5 m, Curve E, 4.4 X 10-5 m, Curve F, 8.9 X 10-5 m.  B, Michaelis constant for 
butyryl CoA. The data of A are plotted as double reciprocals; » = micromoles of 
indophenol reduced per minute. s = molar concentration of butyryl CoA. 
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Fig. 2. Specificity of butyryl CoA dehydrogenase. Standard indophenol assay; 
25°; Tris buffer, pH 7.0,5.0 y of butyryl CoA dehydrogenase, and 0.1 uM of the var- 
ious acyl CoA derivatives shown were used. Activity with butyryl CoA (AD¢oo 
per 5 minutes) arbitrarily chosen as equal to 100. 
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RELATIVE ACTIVITY 


spect to butyryl CoA and indophenol, respectively, the value for the cata- 
lytic constant-is raised to 0.77 X 1.5 X 15 or 13.3 um per minute per mg. 
If the molecular weight of the enzyme is taken as 150,000, the turnover 
number (turnover number = moles of butyryl CoA oxidized per minute 
per mole of enzyme) has a value of 2000 at 22° and pH 7.0. 
Specificity—The enzyme acts upon short chain, saturated acyl CoA de- 
rivatives from C; to Cs, as is shown in Fig. 2. All acyl CoA derivatives 
were present at the same initial concentration (1.0 X 10m). Butyryl 














FATTY ACID OXIDIZING SYSTEM. III 
CoA is dehydrogenated at the highest rate, while propiony] and valery] 
CoA are oxidized at rates 30 and 54 per cent that of the C, derivative, re- 
spectively. 

Equilibrium of Reaction—When, in the presence of excess indophenol, 
successive increments of butyryl CoA are added to the enzyme, data simi- 
lar to those of Fig. 3 are obtained. Three successive increments of 0.040 
um of butyryl CoA were added at 0 time, and at B and C. It is evident 
that successively smaller amounts of dye are reduced. (The changes in 
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Fic. 3. Equilibrium of indophenol reaction. Indophenol assay; 25°; 10 um of 
histidine buffer, pH 7.0, 20 y of 2,6-dichlorophenolindophenol, and 50 y of enzyme 
were used. 0.040 um of butyryl CoA added at 0 time and at points B and C; addi- 
tional 50 y of enzyme added at point A. 


optical density are 0.470, 0.362, and 0.290.) These observations are con- 
sistent with the assumption that the reaction 


(2) Butyryl CoA + indophenol — butenoyl CoA + indophenol-H, 


is an equilibrium reaction. 

Determination of Equilibrium Constant—A series of experiments in which 
the initial concentration of all the reactants of Reaction 2 are varied is 
given in Table II. The equilibrium constant K, is calculated from the 
relation 


aye (butenoyl CoA) (indophenol-Hz) _ (a + z)(b + 2) 
a (butyryl CoA)(indophenol) — (ce — z)(d — 2) 





where a, b, c, and d are the initial concentrations and x is the amount of 
dye reduction observed (all in micromoles). Kg2 varies from 3 to 22; this 
range is not considered excessive, considering the experimental uncertain- 
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ties involved. The mean value for K2~ 10 corresponds to a standard free 
energy (7’ = 298° K), AF°, of —1370 calories. 

» E’, for Butyryl CoA-Crotonyl CoA—The experimental determination of 
AF° for Reaction 2 permits calculation of the E’y for the couple butyryl 
CoA-crotony]l CoA. The £’, for the 2,6-dichlorophenolindophenol system 
has a value of +0.217 volt (15). From the AF® just determined, the dif- 
ference in potential between the butyryl CoA-crotonyl CoA and the indo- 
phenol couples can be calculated. The E’y for the butyryl CoA-crotonyl 


CoA couple is thus 0.217 — 0.0295 = 0.187 volt (pH 7.0, 25°). This figure 


TaBLeE II 
Equilibrium Constant of Reaction 2 








a (crotonyl CoA)o | . — . Getyryl d (indophenol)o x Ke 
uM uM uM uM uM | 

0 | 0 0.100 0.0640 0.0575 | 12.0 
0 0 0.0667 0.0807 | 0.0507 | 5.20 
0 0 0.0750 0.108 0.0660 | 11.5 
0 0 0.0667 | 0.0795 | 0.0475 | 13.5 
0 0 0.0111 | 0.0635 | 0.000 | 7.1 
0.0090 | 0.0090 0.0132 0.0545 | 0.0080 | 12.0 
0.0170 | 0.0170 0.0163 0.0447 0.0137 15.0 
0 | O 0.0312 0.127 0.0294 21.5 
0.0294 0.0294 0.0306 0.0976 0.0220 3.14 
0.0514 | 0.0514 0.0398 0.0750 0.0200 5.20 
0 | 0 0.0624 ().0477 0.0403 10.0 


| 


50 to 75 y of enzyme and 10 uM of histidine buffer, pH 7.0, were used for each de- 
termination; other components added as shown; total volume 1.00 ml.; tempera- 
ture 25°. 


is considerably higher than the (calculated) value for the unsubstituted 
couple butyrate-crotonate (—0.025 volt (16)). Thus a lower yield of free 
energy is available from the oxidation of the CoA derivative by indophe- 
nol. 

Product of Reaction—The data so far presented do not permit a decision 
whether the oxidation product is an unsaturated acid, as indicated in Re- 
action 1, or a hydroxy acid. In order to settle this question the experiment 
shown in Fig.-4 was performed. 0.0067 um of butyryl CoA was oxidized 
in the presence of enzyme and an excess of indophenol. When the reac- 
tion had reached equilibrium, 10 um of DPN and a sufficient quantity of 
8-hydroxyacyl CoA dehydrogenase (17, 18) to catalyze Reaction 3 were 
added at B. 


(3) CH;CHOHCH.COSCoA + DPN* — CH;,COCH,COSCoA + DPNH + Ht 
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In order to assure electron transport from DPNH to indophenol, DPNH- 
cytochrome reductase (14) which catalyzes Reaction 4 was added at C. 


(4) DPNH + H+ + 2,6-dichlorophenolindophenol — DPN* 
+ 2,6-dichlorophenolindophenol-H, 


Only a slow rate of dye reduction was observed, until, at D, unsaturated 
acyl CoA hydrase (17, 19) was added. This enzyme, which catalyzes Re- 
action 5, 





(5) CH,CH=CHCOSCoA + H.O — CH;CHOHCH.COSCoA 
T ‘iB = T ea 7 
800 | 
ie) ‘ C 5 | 
700} } 4 
Ff 6.c.0. 
2.600 | 
8.500 | 
© 
(a) 
G6 400 
300 
E 








200 


®» 








i0 20 30 40 50.60 70 80 
MINUTES 

Fig. 4. Product of butyryl CoA dehydrogenation. Indophenol assay; 25°; 10 um 
of histidine buffer, pH 7.0, 10 y of 2,6-dichlorophenolindophenol, and 0.067 um of bu- 
tyryl CoA were used. The reaction was started by the addition of 40 y of butyryl 
CoA dehydrogenase. Additional 30 y of dye added at point A, 10 um of DPN and 20 
y of B-hydroxyacyl CoA dehydrogenase added at point B, 20 y of diaphorase (DPNH- 
cytochrome reductase) added at point C, and 5 y of unsaturated acyl CoA hydrase 
added at point D. An additional increment of dye was added at point £. 


‘evidently is necessary in order to link the product of Reaction 1 with Re- 
action 3. It will be noted that reduction of dye corresponding to Reac- 
tion | is equivalent to that observed in Reactions 3 + 4 + 5, and estab- 
lishes the stoichiometry for these reactions. 

Similar experiments can also be performed in which reduction of DPN 
rather than of dye provides evidence of the nature of the reaction product. 
Butyryl CoA is oxidized by indophenol according to Reaction 1. DPN+ 
and dehydrogenase are then added, the pH is adjusted to 9.0, and optical 
density changes at 340 mu are measured. No reduction occurs until hy- 
drase is also added to the system. 

From the foregoing it is apparent that an unsaturated acyl CoA is the 
product of Reaction 1. No direct choice between crotonyl CoA or vinyl 
acetyl CoA, both of which are transformed to 6-hydroxybutyryl CoA by 
action of the hydrase (17), has been possible. Crotonyl CoA is considered 

a more likely product and a,8 dehydrogenation a more likely reaction, 
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since (a) the high oxidation-reduction potential for the butyryl CoA oxi- 
dation step is more reasonable if the conjugated molecule crotony! CoA is 
the product and (b) butyryl CoA dehydrogenase also acts on propiony] 


CoA, a substrate for which only a,8 dehydrogenation but no 8,7 dehydro- 
genation is possible. 


Other Oxidizing Agents 


Reaction with Cytochrome c—Ferricytochrome c can substitute as a ter- 
minal electron acceptor according to Reaction 6. 


(6) Butyryl CoA + 2Fet** — crotony] CoA + 2Fet* + 2H* 


The K,,’ for cytochrome (8.3 X 10-* m) is of the same order of magnitude 
but lower than that determined for indophenol. The limiting velocity, 
however, is only 0.16 that for the indophenol reaction. 

Other Oxidants—Oxidation by pyocyanine-TTZ has already been dis- 
cussed under “Assay systems.” Ferricyanide can substitute for cyto- 
chrome c to give an oxidation also summarized by Reaction 6. Oxygen 
is an exceedingly slow oxidizing agent: No measurable oxygen uptake is 
observed manometrically in 30 minutes when 5 yum of butyryl CoA and 1 
mg. of enzyme were incubated at 38° at pH 7.0. 


Materials and Methods 


Zn(OH)2 Gel—The gel used for enzyme purification was prepared as fol- 
lows: 287.6 gm. of ZnSO, are dissolved in 10 liters of deionized water and 
333 ml. of 1 N sodium hydroxide are then added with stirring (pH between 
8 and 9). The gel is then washed by decantation three or four times with 
a large volume of water. This is followed by three washings with 0.02 
M potassium bicarbonate. Finally the gel is concentrated by centrifuga- 
tion and suspended in 0.02 m bicarbonate to a final concentration of about 
20 mg. of dry solids per ml. of suspension. 

Acyl CoA Derivatives—Butyryl CoA was prepared either enzymatically 
by action of the activating enzyme (1) or chemically by use of a modifica- 
tion of Wilson’s method for acetyl] CoA (20). The higher acyl CoA de- 
rivatives were prepared enzymatically by Dr. P. G. Stansly. The CoA 
used had been purified from yeast according to the method of Beinert et al. 
21). 

Enzymes—The following enzymes have been employed in the course of 
this investigation: activating enzyme (1), unsaturated acyl CoA hydrase 
(17), 8-hydroxyacyl CoA dehydrogenase (17), DPNH-cytochrome c reduct- 
ase used as a diaphorase (14). 

Chemicals—All the dyes and buffers used were commercial preparations, 
recrystallized, when necessary. Purified cytochrome c was supplied by the 
Sigma Chemical Company. 
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Spectrophotometry—All optical measurements were performed in a Beck- 
man model DU spectrophotometer in 1.0 or 3.0 ml. quartz cuvettes. The 
light. path was uniformly 1.0 cm. and the slit width 0.05 mm. For certain 
of the kinetic experiments a recording attachment to the spectrophotome- 
ter (model DUR) in conjunction with a special amplifier and a 50 mv. 
Brown recorder® was employed. 


SUMMARY 


The enzyme which mediates the first oxidative step in the oxidation of 
lower fatty acids has been isolated and purified. The enzyme reacts at 
maximal rate with butyry] CoA and hence the name butyryl CoA dehydro- 
genase is proposed for the protein. 

Various oxidizing agents have been used for the oxidation of substrate 
in the presence of the enzyme, viz. 2 ,6-dichlorophenolindophenol, pyocya- 
nine, cytochrome c, and ferricyanide. The indophenol reaction is the one 
routinely employed. It is zero order and proportional to enzyme concen- 
tration. The K,,’ values for substrate and dye are 1.4 X 10-° m and 3.3 
X 10‘ M, respectively. The product of the reaction has been shown to be 
butenoy] CoA and the equilibrium constant for the reaction has been found 
to have a mean value of 10. This corresponds to a value of 0.187 volt for 
the E’, of the couple butyryl CoA-butenoyl CoA at pH 7.0 and 25°. 
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STUDIES ON THE FATTY ACID OXIDIZING SYSTEM OF 
ANIMAL TISSUES 


IV. THE PROSTHETIC GROUP OF BUTYRYL COENZYME 
A DEHYDROGENASE* 


By H. R. MAHLER 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 6, 1953) 


Paper III of this series (2) dealt with an enzyme catalyzing the first 
oxidative step in the conversion of lower fatty acids to acetyl CoA. This 
enzyme, butyryl CoA dehydrogenase, is colored a deep, brilliant green and 
its prosthetic group possesses several unusual and interesting properties, 
not shared by other enzymes. The present report deals with the demon- 
stration of flavin-adenine dinucleotide and ionic copper as integral parts of 
this prosthetic group. 


RESULTS AND DISCUSSION 
Flavin As Part of Prosthetic Group 


Absorption Spectrum—The absorption spectrum of the pure enzyme is 
shown in Fig. 1. The over-all appearance of the spectrum is that of a 
flavoprotein, but it presents three unusual features: (1) In addition to the 
usual three banded spectrum (maxima at 255, 355, and 432.5 my), butyryl 
CoA dehydrogenase shows a fourth peak in the range 680 to 685 mu. It 
will be shown later that this peak is not part of the flavoprotein spectrum 
proper, but is related to the presence of enzyme-bound copper. (2) The 
flavin nucleotide peaks at 370 and 450 mu are shifted to 355 and 432.5 mu. 
This shift towards shorter wave-lengths is not common for flavoprotein 
spectra, but it is not unique; at least one other similar case is known (3). 
(3) The ratio of extinctions of the ultraviolet and the visible maxima 
(De55: D4z2,5) is equal to 7.75, which is an unusually low value. It is related 
to the high flavin content of the enzyme, which will be discussed below. 

Flavin Content—After the Zn(OH).s gel treatment (2), the total flavin 
content of the preparation equals the flavin content of butyryl CoA de- 
hydrogenase. In other words, the enzyme is the only flavin-containing 
protein in the mixture of proteins making up the enzyme preparations. 


* A preliminary note concerning parts of this work has been published (1). 
Supported by a grant in aid of the American Cancer Society on recommendation 
of the Committee on Growth of the National Research Council. 
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In Table I, Line d shows the proportion of flavin contained in preparations 
of varying degrees of purity. It is evident that, as the proportion of en- 
zymatically active protein increases (Lines a and b), the flavin content 
(Line d) similarly increases. Thus the flavin content itself is a measure of 
catalytic potency of various preparations (Line f). 

Flavin content has been determined in a variety of ways. Two repre- 
sentative experiments are summarized in Table II. It is seen that spec- 
trophotometric flavin determinations performed either on the enzyme (Col- 
umn A) or a boiled extract thereof (Column B) are in good agreement with 
enzymatic flavin determinations (Column C) or microbiological riboflavin 
assays (Column D). 


TABLE | 
Properties of Purified Enzyme 


Preparation Preparation | Component Component 
6 7 6-1* 7-1* 


/ 


(a) Fraction of total protein migrating un- 
der fast moving peak (green compon- 


MEE South Shs 5a rere Tere 0.22 0.56 0.78 0.95 
(b) Specific activity, wnils per mg.......... 0.25 0.51 0.75 0.98 
(c) Protein, mg. per ml..... | 27.5 11.0 2.44 0.92 
(d) Flavin, mpm per mg. 5.63 15.3 20.9 27.3 
(e) Copper, mugm. atoms per mg. . | 12.3 40.1 54.3 
(f) (d)/(a).. 25.6 27.2 26.8 29.8 
(g) (e)/(a)... in ee 51.7 54.8 
(h) (b)/(a).... ms 1.1 0.96 0.97 
(t) (e)/(d).... Miiog ee 2.2 1.9 2.0 


* Components 6-1 and 7-1 are the rapidly migrating components of Preparations 
.6 and 7, respectively, isolated by preparative electrophoresis. 


The flavin content of our purest preparation is equal to 29.8 mum per mg. 
of protein or 1.19 per cent riboflavin by weight. Most other flavoproteins 
which have been brought to a comparable degree of purity show a ribo- 
flavin content approximately one-half of this (3,7). It follows from these 
data that 1 mole of flavin will be contained in 30,000 gm. of protein. 

Since the enzyme has been shown to have a molecular weight between 
120,000 and 220,000 (2), each protein molecule contains more than one 
prosthetic group. About 5 or 6 flavin molecules and, as will be shown later, 
10 or 12 copper ions appear to be attached to each enzyme molecule. 

Interaction of Enzyme with Butyryl CoA—When the enzyme is treated 
with a chemical reducing agent such as potassium borohydride or dithi- 
onite, or with butyryl CoA, the substrate, instantaneous reduction of the 
enzyme takes place (Fig. 1). The peaks at 355, 432.5, and 685 my are all 
affected and decline to 0.86, 0.47, and 0.45 of their original value. These 
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figures are limiting values and no further reduction of even the most highly 
purified enzyme takes place anaerobically in the presence of a large excess 
of reducing agent. On standing in air at 0°, the reduced enzyme is slowly 
reoxidized. Several hours are required for reestablishment of the oxidized 
spectrum. 

The “reduced” spectrum shown (Fig. 1), with appreciable absorption in 


TABLE II 
Flavin Content of Butyryl CoA Dehydrogenase 


Total flavin calculated Split flavin calculated Riboflavin in 


Deinmnishes the. from a. at — yy ga FAD in flavin D fava D 
(A) (B) (C) (D) 
es mum per mil. mum per mi. my " per ml. mum per ml. 
5 42.0 39.5 37.5 40.2* 
6 46.5 47.3 45 34.0F 


The spectrophotometric flavin determinations are based on a molar extinction 
coefficient of 10.6 X 10° cm.? per mole for flavoproteins at their maxima and of 11.3 X 
10° for FAD at 450 my (4,5). FAD was determined enzymatically by use of the p- 
amino acid oxidase apoenzyme (6), according to the conditions of Fig. 5. Riboflavin 
was determined microbiologically by the Wisconsin Alumni Research Foundation. 
Flavin D was prepared by immersing the enzyme in boiling water for 3 minutes, 
followed by removal of protein by centrifugation. 

* Sample autoclaved for 3 minutes at 15 pounds pressure and pH 6.8 prior to de- 
termination. 

¢t Sample hydrolyzed in 0.1 Nn HCl and at 100° prior to determination. 
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Fig. 1. Absorption spectrum of butyryl CoA dehydrogenase. Spectrum of elec- 
trophoretically purified enzyme (2) of specific activity 0.98. The specific activity 
(absolute units per mg.) of a pure enzyme is defined as 1.00 (2). Data plotted as 
relative extinctions, assuming an extinction equal to unity at 435 my. In the actual 
experiment 2.8 mg. of protein per ml. gave an optical density of 0.898 at this wave- 
length. Visible spectrum shown on large graph and ultraviolet range in insert. The 
“reduced’’ spectrum was obtained by the addition of 50 mum of butyryl CoA to the 
cuvette containing the preparation just described. 
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the visible range, indeed corresponds to that of the reduced enzyme. The 
experiments described in the preceding section show that the residual ab- 
sorption in the visible spectrum is not due to the presence of an impurity 
in the preparation, or to incomplete reduction or to partial reoxidation by 
oxygen. Most flavoproteins show significant absorption in the visible 
range even after reduction (8), but ambiguities concerning the points just 
raised have made it difficult to assess the true extent. It is believed that 
the present case, in which approximately one-half the extinction at 435 
my is still present on reduction, may help to settle this question. The 
reduction of the enzyme by its substrate can be followed spectrophoto- 
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Fic. 2. Interaction of enzyme-bound flavin and substrate. An enzyme of specific 
activity 0.95 (2) in a concentration of 0.64 mg. per ml. was used; the description of ex- 
periments is given inthe text. A, effect of butyryl CoA on oxidized enzyme; B, ef- 
fect of crotonyl CoA on reduced enzyme. Beckman model DUR spectrophoto- 
meter tracings. The discontinuities between points A and B are due to stirring of 
solutions. 


‘ metrically. Fig. 2, A and B, has been obtained by means of a Beckman 
recording spectrophotometer, the reaction being followed at 440 my. In 
Fig. 2, A, 50 mpm of butyryl CoA were added at point A. By the time 
mixing was complete (<3 seconds) the flavoprotein had already been 
reduced to the value shown at point B. This was followed by a slower 
reduction; equilibrium was established within 2 minutes. When an en- 
zyme had first been reduced to this equilibrium value by means of 50 
myM of butyryl CoA, 50 mum of crotonyl CoA were added to the mixture 
at point A of Fig. 2, B. This addition led to an immediate reoxidation of 
the enzyme, followed by a slower approach to a new equilibrium. This 
constitutes the first demonstration of reversible oxidation and reduction 
of a flavoprotein by its substrate and product. When octanoyl CoA or 
acetyl CoA, both of which are not substrates of the enzyme, is substituted 
for butyryl CoA, no reduction of the enzyme takes place. 
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Nature of Bound Flavin Nucleotide 


It has already been shown that the absorption spectrum of the enzyme 
is similar to that of a flavoprotein and that the enzyme-linked flavin can 
interact with and is reduced by butyryl CoA. Further evidence bearing on 
the flavoprotein nature of the enzyme and on the structure of the flavin 
nucleotide involved will now be presented: 


Reversible Splitting—If a preparation of butyryl CoA dehydrogenase is 


TaBLeE III 
Reversible Splitting of Bulyryl CoA Dehydrogenase 


Preparation | Preparation 
SE (pH of | 7H (pH of 
| splitting, 3.70) | splitting, 4.00) 





Activity* before splitting 


BO ae. ree a 
oa after 1 is me here 120 3.0 
«“ «“ “ 4 PAD (1.0 X 10-* )f.. 230 | 485 
«“ «“ “ 4 flavin D (6.0 X 10-7 m)f.... 195 | 390t 
“ «“ “ 4 FMN (6.2 X 107 M)f......| 120 


| 


Apoenzymes were prepared by exposing 30 to 50 mg. of butyryl CoA dehydro- 
genase to the pH shown for 10 minutes in a solution 33 per cent saturated with respect 
toammonium sulfate. More ammonium sulfate was then added to bring the solution 
to 50 per cent saturation. The protein was centrifuged and dissolved in 0.2 m po- 
tassium bicarbonate. Any insoluble protein remaining was removed by centrifuga- 
tion. 200 7 of apoenzyme, | uM of Tris buffer, pH 7.0, and the flavin shown were 
incubated for 10 minutes at 25° in a total volume of 0.2 ml.; 0.05 ml. of the incubation 
mixture was then added to the standard indophenol test system. 

* (ADeoo X min.~! X (50 y of protein)“') X 10%. 

+ Flavin concentrations in assay mixture; concentrations during incubation were 
20 times these. 

t The concentration of flavin D was 3.0 X 1077 m. 





treated with acid ammonium sulfate in the conventional manner (4), there 
is obtained a white precipitate and a yellow, fluorescent solution (flavin D). 
The precipitated protein can be partially redissolved in 0.1 m KHCO; and 
constitutes the apoenzyme in the experiments to be described. The ‘pH at 
which splitting occurs in 33 per cent ammonium sulfate lies in a very nar- 
row range between 4.10 and 3.60 and varies with the purity of the prepara- 
tion, z.e. the purer the enzyme, the higher the pH. Usually only 0.10 pH 
unit separates a point at which no significant amount of dissociation takes 
place and the range of excessive denaturation. 

The apoenzyme shows only a small amount of activity in the indophenol 
test system when compared with the original preparation (Table III). 
Full activity can be restored, however, by incubation of the apoenzyme 
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with either flavin D (usually prepared as a boiled extract of the original, 
green enzyme) or an equivalent concentration of FAD.! FMN is com- 
pletely inactive in similar experiments. 

To determine the dissociation constant for FAD, varying concentrations 
of the nucleotide were incubated with the apoenzyme and the reconstituted 
enzymes so prepared tested in the standard indophenol system. When the 
data are plotted as double reciprocals (9), the results of Fig. 3 are obtained. 
The dissociation constant equals 4.4 1077 M. 

Absorption Spectrum—The spectrum of flavin D, obtained by treatment 
of the enzyme preparation with acid ammonium sulfate, by denaturation 
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Fic. 3. Dissociation constant for FAD linked to butyryl CoA dehydrogenase. 
Inzyme split as described in the text and Table III. Apoenzyme incubated with 
nucleotides in the concentration shown for 10 minutes at 38° and then tested in 
standard indophenol test system. O, flavin D; @, FAD. 

Fig. 4. Absorption spectrum of flavin nucleotide prosthetic group (flavin D). 
Flavin obtained by boiling the enzyme used for the data of Fig. 1. Data plotted with 
e = 11.3 X 106 at 450 my (3, 8) for FAD, @, experimental points for flavin D; solid 
line, FAD (5). 


‘ with perchloric acid, or by heat denaturation, is shown in Fig. 4. It is 
indistinguishable from that of a flavin-adenine dinucleotide (4, 5) (or an 
equimolar mixture of riboflavin mononucleotide plus adenylic acid (3, 5)), 
with the critical ratios Deo: Daso and D370: D4s0 equal to 3.75 and 0.806. 
On reduction with dithionite the spectrum is changed to that of reduced 
FAD, with almost complete abolition of all absorption at 450 mu. 

Fluorescence—The fluorescence of a boiled extract of a thoroughly di- 
alyzed, highly purified enzyme has been determined by means of a Farrand 
fluorometer and compared to a riboflavin standard (10). At pH 7.0 three 
different concentrations of flavin D showed, respectively, 12.2, 11.8, and 
14.0 per cent of the fluorescence of riboflavin samples of similar concentra- 
tion. FAD at three concentrations in the same range gave 13.7, 12.0, and 

1 The following abbreviations will be used: FAD (flavin-adenine dinucleotide), 
FMN (flavin mononucleotide, riboflavin-5’-phosphate), Tris (tris(hydroxymethy])- 
aminomethane), e (molar extinction coefficient). 
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14.0 per cent the fluorescence of riboflavin. When the pH was lowered to 
2, the fluorescence of two samples of flavin D was raised to 94 and 102 per 
cent of that of riboflavin (10). 

Paper Chromatography—F our solvent systems have been used routinely: 
phosphate buffer-amyl alcohol (11), phenol-butanol-water (5), ¢ert-amyl 
alcohol-formic acid-water (12), and pyridine-tert-butanol-water (3, 5). In 
the first three solvents mentioned flavin D migrates in a manner analogous 
to FAD (Rr = 0.35, 0.23, and 0.13, respectively (3, 5)). Mixed spots of 
unknown and FAD cannot be resolved. In the pyridine system the R, 
values of the two nucleotides also are identical and equal to 0.04.” 
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Fia. 5. Activity of flavin D and FAD with p-amino acid apooxidase. The apo- 
oxidase was prepared from pig kidney and purified through Step E in the procedure 
of Negelein and Brémel (6). 0.36 mg. of this protein, the concentration of nucleo- 
tide (O FAD, @ flavin D) shown in the figure, and 150 um of pyrophosphate buffer, 
pH 8.1, were incubated in oxygen for 10 minutes at 38° in Warburg cups; at the end 
of this period 100 um of pL-alanine were tipped in from the side arm and the oxygen 
uptake for 30 minutes determined. This gas uptake in c.mm. constitutes v. 


p-Amino Acid Oxidase—Of all known flavins only FAD appears to be 
capable of reconstituting the p-amino acid apooxidase (4, 13). For com- 
plete identification, however, comparison of an unknown flavin and FAD 
at only one concentration is insufficient. For this reason both flavins were 
tested for their ability to reactivate the apoenzyme of the p-amino acid 
oxidase over a wide range of concentrations. The results of a series of 
experiments are shown as a double reciprocal plot in Fig. 5. It is apparent 
not only that the same limiting velocities are observed at saturation with 


2 Occasional chromatograms of flavin D, however, show no flavin spot. In its 
stead there appears a strong quenching spot at Rr = 0.11. Another difference be- 
tween the behavior of flavin D and FAD in this and other basic solvents is the fact 
that flavin D does not appear to be transformed as easily to the cyclic nucleotide (5, 
13) as FAD. Dr. F. M. Huennekens, Department of Biochemistry, University of 
Washington, Seattle, Washington, has confirmed and extended the observations on 
the identity of FAD and flavin D to include five additional solvent systems. We are 
also grateful to him for first directing our attention to the anomalous behavior of 
flavin D in basic solvents. 
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either flavin, but also that the dissociation constant of apoenzyme and FAD 
is identical with that of the p-amino acid oxidase apoenzyme and flavin D. 

Stability—When FAD and flavin D are compared with respect to their 
stability in 0.1 Nn HCl and to ultraviolet light, an exact parallelism is ob- 
served when the disappearance of dinucleotide and the appearance of break- 
down products are measured chromatographically or fluorometrically. 

The bulk of the evidence just presented, viz. reconstitution of the apo- 
enzyme, absorption spectrum, fluorescence, paper chromatographic experi- 
ments, ability to reactivate the p-amino acid oxidase protein, and stability 
to acid and irradiation, makes it appear that flavin D and FAD are identi- 
cal, 


Copper As Part of Prosthetic Group 


Qualitative Analysis—The presence of the long wave-length band at 680 
to 685 my in the absorption spectrum suggested the presence of a heavy 
metal. In consequence a sample of highest purity obtained from a Tiselius 
run (in 0.1 m Tris of pH 8.0) was dialyzed versus distilled water for 36 hours 
(final concentration 10-*m Tris). A portion of the enzyme was then heated 
in a boiling water bath for 3 minutes and separated by centrifugation into 
flavin and protein portions. These two samples and one of the dialyzed, 
undenatured enzyme were placed in the hollowed out tips of the graphite 
electrodes of a grating spectrograph, and their arc and spark spectra ob- 
tained on photographic film. The distilled water used in the experiment, 
the Tris buffer originally employed for the electrophoresis, and the dialysis 
fluid were treated similarly and employed as blanks. Examination of the 
spectra in a micro comparator, and use of wave-length tables (14) for the 
assignment of lines, led to the following conclusions: The only metals pres- 
ent to any significant extent in the samples were copper and magnesium. 
The former was absent in all solutions, except in the original enzyme and 
the heat-coagulated protein. The latter was present in all samples but 
showed the highest concentration in the original enzyme and the flavin 
solution. 

Quantitative Analysis—The copper content of various samples was deter- 
mined in the following manner: Samples were dry-ashed in an oven for 1 
hour at 540°, dissolved in 0.01 n HCl, and assayed for copper by the 
manometric method of Warburg and Krebs (15), which employs internal 
standards. Blanks containing the buffer used to dissolve the enzyme were 
treated and analyzed in an identical manner. As an additional check some 
samples were also analyzed for copper by the dithizone method (16). The 
results of these analyses are given in Line e of Table I. If the results of 

Line e are compared with those of Lines a or b, it is evident that the copper 
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content of the preparation increases as the purity of the enzyme increases. 
Line g shows, however, that the copper content of the enzymatically active, 
green component of the protein mixture remains constant. Exactly similar 
considerations obtain for the flavin content of the enzyme, as already dis- 
cussed. Line ¢ clearly demonstrates that 2 atoms of copper are present for 
each molecule of flavin. The evidence just presented permits the interpre- 
tation that copper not only is an integral part of the pure enzyme, but that 
it is present in a definite and multiple proportion to the flavin prosthetic 
group. Our purest preparation contains 0.345 weight per cent copper. 
This value is similar to that found for the colorless, pure copper protein 
hepatocuprein, isolated from beef liver by Mann and Keilin (17). 

Dialysis of Enzyme against Cyanide—If a purified enzyme is dialyzed for 
36 hours against 5 X 10-* m KCN (18) dissolved in5 X 10 m Tris buffer 
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Fig. 6. Spectrum of Ecn. Enzyme prepared as described in the text; data plotted 


in a manner analogous to that of Fig. 1; reduced spectrum obtained on addition of 
butyryl CoA. 


of pH 7.5, profound changes in the enzyme take place; its green color 
changes to yellow and examination of its absorption spectrum shows that 
the long wave-length peak of Fig. 1 has disappeared (Fig. 6). Treatment 
with cyanide is a standard method for the dissociation of copper from en- 
zymes (19). The peak at 680 my, therefore, is related to the presence of 
copper on the enzyme, and the changes in this region of the spectrum ob- 
served on treatment of the copper-containing enzyme with butyryl CoA 
(Fig. 1) are probably due to a valence change of the bound copper ions. 

Reactions of Cyanide-Treated Enzyme—The cyanide-treated enzyme 
(Ecy), in appearance similar to a yellow flavoprotein, is still reducible by 
borohydride, dithionite, or butyryl CoA. The absorption spectrum of the 
enzyme so reduced (Fig. 6) is similar to that of the reduced, untreated 
enzyme (Fig. 1). Copper, therefore, does not play any réle in the primary 
reduction of the enzyme-bound flavin. 
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SYSTEM. IV 

If Ey is tested in the indophenol assay, and compared to an enzyme 
dialyzed for the same length of time versus the same buffer, but without the 
cyanide, no difference in reaction rates is observed. If Ec is preincubated 
with 5 X 10-* m CuSO,, the catalytic activity of such a preparation is 
lowered compared to that of Ecy or of untreated enzyme. Copper, there- 
fore, fulfils no function in the transfer of 2 electrons from butyryl CoA to 
2 ,6-dichlorophenolindophenol as mediated by the flavoprotein. 
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Fria. 7. Reduction of ferricytochrome c and ferricyanide by butyryl CoA and de- 
hydrogenase. In A the cytochrome c assay was used. 1.0 mg. of cytochrome c, 
10 ue of Tris buffer, pH 7.0, and 0.067 um of butyryl CoA in a total volume of 0.95 
ml. are placed in a cuvette and the optical density determined at 550.5 my for several 
minutes. When no further change occurs, the enzyme solution (0.05 ml.) is added 
and the optical density measured at the times shown. Curve A, Eon (50 y), 0.5 um 
of CuSO, added at Point 1. Curve B, Een (50 y) incubated for 10 minutes at 38° in 
the presence of the buffer and 0.5 um of CuSO, (butyryl CoA omitted). Curve C, 
points (@) determined as follows: Eon (50 y), preincubated as in Curve B, added to 
dye and substrate at 0 time. Solid line, untreated (not split by cyanide) enzyme 
(50 y). In B, all details similar to those in A, except that 0.5 um of ferricyanide was 
.used as an acceptor and the decrease in optical density at 410 my was used as a meas- 
ure of the reaction. 


On the other hand, if ferricytochrome c (Fig. 7, A) or ferricyanide (Fig. 
7, B) is used as a terminal electron acceptor, a different situation obtains. 
Considerable stimulation of reduction rate is observed on preincubation of 
Ecn with cupric ion (Curve C). This treatment raises the activity of 
Een, which alone shows an initial rate (Curve A) one-third that of an un- 
treated control (Curve C), to the level of the control. Thus complete 
activity may be restored by the addition of copper to a preparation from 
which the copper has been previously removed. 

Ideally, the rate of cytochrome c or ferricyanide reduction catalyzed by 
Een in the absence of cupric ion should approach zero. The actual initial 
rates are lower than those of the untreated enzyme but definitely not zero. 
This may be due to a certain basic irreducible rate of interaction between 
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reduced flavoprotein and ferricytochrome or ferricyanide, or it may be due 
to the presence of copper incompletely removed by cyanide, and still present 
as either part of the enzyme or tightly adsorbed on the enzyme. The fact 
that Ey still shows a measurable absorption above 500 my might tend to 
support the second hypothesis. 

Nature of Copper-Mediated Reaction—From the foregoing it is apparent 
that copper is intimately connected with the mechanism of action of butyry] 
CoA dehydrogenase. The exact mechanism of this catalysis must await 
further developments, most notably the discovery of the physiological 
electron acceptor. It is not oxygen, since the rate of oxygen uptake by 
butyryl CoA in the presence of the intact enzyme is essentially zero. It 


TABLE IV 
Action of p-Chloromercuribenzoate 
Addition Activity 
Ce ” Me ne. Tos eo cent 
ee Se eee eee eee 100 
pA mloromercuripensoate (10 BM)... 2... ice cece csesees | 60 
4 + butyryl CoA (3 X 10-4 M)*........| 100, 75 
: he INN 55.5 dn ss ss cies cvecnde 100 
Apoenzyme..... : sp oe etiam se eat NaS dxcandee eek oulguint. 20 
ae sds din SN og acianeds tact a bee ees ane aes 100 
- + p-chloromercuribenzoate (10-4 m), followed by | 
Eo cis cs cchc call nega es sana cakdeoe | 0 
Apoenzyme + p-chloromercuribenzoate + FAD............... 40 


| 


* Free of sulfhydryl groups as determined by indophenol titration. Experiment 
carried out as described in the text; apoenzyme prepared as described in Table ITI. 





cannot be cytochrome c, since the limiting rate of reduction of this acceptor 
is only one-sixth that of indophenol (2) and is almost certainly too slow to 
be of physiological importance. The experiments with Ecy, the changes 
in absorption spectrum upon reduction, and the ratio Cu: flavin all make it 
appear not too far-fetched, however, to suggest that the “natural” oxidant 
to be searched for will be capable of undergoing 1 electron changes and 
may be a ferrihematoprotein. 


Réle of Sulfhydryl Groups 


Some experiments bearing on the possible function of sulfhydryl groups 
on the enzyme are summarized in Table IV. 

Inhibition by p-Chloromercuribenzoate—The oxidation of butyryl CoA as 
catalyzed by its dehydrogenase is inhibited by p-chloromercuribenzoate. 
At a concentration of the mercurial of 10-* mM, approximately 40 per cent 
inhibition of indophenol reduction is reproducibly observed. With three 
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separate prepzrations the percentage inhibition after incubation of the 
enzyme with the inhibitor for 5 minutes at 38° was 40, 40, and 44, respec- 
tively. In another experiment incubation with 3 x 10~ m of the mercurial 
for 10 minutes at 38° gave 55 per cent inhibition. 

Reactivation by Glutathione—The inhibition of reduction rate shown by 
chloromercuribenzoate-treated preparations can be completely reversed by 
incubating such enzymes with glutathione. In a typical experiment, 100 
y of dehydrogenase and 0.1 uM of inhibitor were incubated for 5 minutes at 
38°. The preparation treated in this manner showed the usual 40 per cent 
inhibition. It was then incubated with 0.5 uM of glutathione for 10 minutes 
at room temperature, the glutathione removed by dialysis, and the prepara- 
tion again tested. Complete restoration of activity was observed. 

Protection by Substrate—Butyryl CoA exerts a protective action if it is 
added during incubation of the enzyme with the inhibitor. If, in addition 
to the inhibitor, 0.03 um of butyryl] CoA is present during incubation, no 
inhibition was observed in one experiment. In a second experiment the 
percentage inhibition was lowered from 40 to 25 per cent. 

Action on Split Enzyme—If p-chloromercuribenzoate in a concentration 
of 10-* o is allowed to act on an enzyme split by exposure to low pH, the 
inhibition by the mercurial becomes more pronounced. In this experi- 
ment the enzyme was first treated with the inhibitor in the usual way and 
was then incubated with FAD in the manner described previously. If 
FAD is added prior to addition of the inhibitor, and then these two sub- 
stances incubated with the enzyme, some of the activity of the untreated 
control is retained. FAD, therefore, resembles the substrate in its pro- 
tective action. 

Function of —SH Groups—Lardy (20) has suggested a possible réle of 
sulfhydryl groups in fatty acid oxidation. The present experiments sug- 
gest that sulfhydryl groups on butyryl CoA dehydrogenase are concerned 
with the positioning of substrate or flavin around the active dehydrogena- 
tion site of the molecule. This hypothesis accounts for all the facts ob- 
served. Primary physicochemical considerations require that the site of 
attachment of the electron donor, butyryl CoA, be in close juxtaposition to 
that of the electron acceptor, FAD. Thus, regardless of whether the 
former or the latter is actually linked to the enzyme surface by means of 
—SH groups, the protective action of either compound appears reasonable. 
Similarly, the flavin-free enzyme, with its more exposed active center, 
should be more susceptible to inhibitor action. 


Materials and Methods 


The following were the sources of the reagents used in this investigation: 
butyryl CoA and crotonyl CoA were prepared enzymatically (21) by Dr. 
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H. Beinert and Dr. P. G. Stansly of this laboratory. FAD and FMN were 
obtained as previously described (3), primary chromatographic standards 
of these nucleotides were kindly provided by Dr. F. M. Huennekens and 
riboflavin was obtained from Merck and Company, Inc. All other ma- 
terials were commercial preparations. The butyryl CoA dehydrogenase 
used was purified as described in Paper III (2); there the indophenol assay 
employed and the electrophoretic experiments performed have also been 
discussed. The analytical methods for flavins, copper, and paper chroma- 
tography are described in the text and in the legends to Tables IT and III 
and Figs. 2, 3, 5, and 7. Protein was determined by the biuret reaction 
(22) or by light absorption at 280 my (23), suitable correction for the ex- 
tinction of flavins at this wave-length being made. Qualitative metal de- 
termination was performed by means of a 1.5 meter, Abney mount grating 
spectrograph from the Applied Research Laboratories. Spectroscopic 
graphite electrodes were obtained from the National Carbon Company, 
Inc. The lower electrodes were hollowed out and the samples transferred 
to it with an eye dropper. Analyses were performed under the following 
conditions: arc, 6 amperes for 20 seconds; spark, 10 amperes for 20 seconds. 


SUMMARY 


Butyryl CoA dehydrogenase is a cuproflavoprotein containing 1.2 weight 
per cent riboflavin and 0.345 per cent copper. The mole ratio copper to 
flavin equals 2. 

The flavin part of the prosthetic group has been shown to be identical 
with FAD: (1) by means of experiments on reversible dissociation and 
reconstitution of the enzyme, and (2) by comparison of absorption spectra, 
R, values, stability to acid and light, fluorescence, and ability to reactivate 
the apoenzyme of p-amino acid oxidase. 

Cupric ion can be removed from the enzyme by means of dialysis against 
cyanide. The copper-free enzyme is still actively reduced by butyryl CoA, 
and reoxidized by 2,6-dichlorophenolindophenol, but shows lower rates 
with ferricyanide or ferricytochrome c. These rates are enhanced in the 
presence of cupric ion. 

The enzyme is inactivated 40 per cent by treatment with 10- m p-chloro- 
mercuribenzoate. This inhibition can be completely reversed by gluta- 
thione. Both substrate and FAD exert a protective action. 


The author wishes to thank Dr. David E. Green for many stimulating 
discussions throughout this investigation and Mrs. C. Quatsoe for her 
competent technical assistance. Mr. Rubin Shapiro, Department of 
Chemistry, University of Wisconsin, performed the spectroscopic examina- 
tion. 
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A STUDY OF INOSITOL-CONTAINING LIPIDES* 


By JOHN N. HAWTHORNE? anp ERWIN CHARGAFF 


(From the Cell Chemistry Laboratory, Department of Biochemistry, College of 
Physicians and Surgeons, Columbia University, New York, New York) 


(Received for publication, July 6, 1953) 


meso-Inositol (I) is an almost ubiquitous and possibly essential cell con- 
stituent (2). Though no list of forms in which it occurs in tissues can as 
yet be offered, it may be said that inositol phosphates are encountered 
frequently. One of the most widely distributed derivatives is phytin, the 
hexaphosphoric acid ester. (Compare the survey by Courtois (3).) Asa 
lipide constituent, meso-inositol was first discovered in acid-fast micro- 
organisms (4, 5) and later shown to occur in the phosphatides of soy bean 
(6-10) and brain (11, 12). Inositol also occurs in other phosphatides; e.g., 
those of groundnut (13) and corn (14). 


OH OH 
| | 
f' *\. OH 
é »! 
I\. OH F 
OH. \s / 
OH 
(1D 


Very little is known about the precise structure of the inositolphosphoric 
acid esters present in phosphatides, except for the demonstration (12) that 
in ox brain lipides meso-inositol occurs as a metadiphosphate, nor are the 
composition and structure of the inositol lipides themselves understood 
satisfactorily. The results of an orienting comparison of the inositol lip- 
ides of soy bean with brain diphosphoinositide, which has formed the 
subject of a careful and detailed investigation by Folch (12), are pre- 
sented here. This work was in part prompted by the previous interest 
of this laboratory in the biological fate and function of the inositols. 

Previous work (6, 7) has shown that the alcohol-insoluble fraction of soy 


* This work was supported by a grant from the Life Insurance Medical Research 
Fund. Part of it has been mentioned in a brief communication (1). With the 
kind permission of Professor A. C. Frazer, several experiments were performed by 
one of us (J. N. H.) at the Pharmacology Department, University of Birmingham, 
Birmingham, England. 

+ Present address, Department of Pharmacology, Medical School of the Uni- 
versity, Birmingham 15, England. 


27 











28 INOSITOL-CONTAINING LIPIDES 


‘bean phosphatides contains a lipide with about 16 per cent of inositol in the 
form of a monophosphate. Lipositol, described by Woolley (7), appears 
to be a complex mixture (8-10, 15, 16). In the present study two types 
of preparation were used, one in which repeated precipitation from organic 
solvents with methyl and ethyl alcohols was employed, followed by sus- 
pension in acid and dialysis (8, 10), and the other based on extraction with 
glacial acetic acid and distribution between cyclohexane and dilute acetic 
acid (9). The final products, though very similar in phosphorus content 
and composition, probably represent a mixture of closely related lipides. 

Chromatographic studies of the hydrolysis products revealed, in addition 
to glycerophosphoric acid and optically inactive inositol monophosphoric 
acid, an unexpected organic phosphate which was dextrorotatory, non- 
reducing, more stable to alkali than acid, and which contained inositol, 
galactose, and arabinose. Vigorous hydrolysis produced a mixture of these 
three constituents in the free state. The experimental results, described in 
detail below, make it appear likely that one is dealing here with at least two 
phosphoinositol glycosides in which a pentose or a hexose is attached 
through carbon 1 of the sugar to meso-inositolphosphoric acid. In their 
early work on the soy bean lipides, Klenk and Sakai (6) described a dex- 
trorotatory phosphate fraction, but did not characterize it. 

It may be of interest to remember that glycosides of inositol have been 
found in nature. Anderson and collaborators (17, 18) described a manno- 
side, manninositose, occurring in a phosphorylated form in the phosphatides 
of human tubercle bacilli; a galactoside has recently been found in sugar 
beet molasses (19). 

The brain lipides yielded no sugar-containing phosphates. The products 
of mild acid hydrolysis appeared complex: in addition to what probably 
‘was glycerophosphoric acid (perhaps due to contaminating phosphoglyc- 
erides) and to the expected inositol diphosphate, an unidentified phos- 
phorylated fraction was encountered, possibly a derivative of this diphos- 
phate. Further hydrolysis brought about the disappearance of this 
component, and on continued cleavage a portion of the inositol diphosphate 
gave rise to a monophosphate that was indistinguishable chromatographi- 
cally from the inositol phosphate found in the soy bean lipides. 

Soy bean fractions prepared by the first of the two procedures mentioned 
before contained less than 0.5 per cent of N. The principal nitrogenous 
constituent appeared to be ethanolamine; in addition several amino acids 
were seen. The second procedure led to lipides that contained only eth- 
anolamine. It is not unlikely that the nitrogenous constituents were con- 
tributed by contaminating phosphatides and formed no part of the inositol 
lipide itself. 

No work has been reported so far on the configuration of the naturally 
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occurring phosphoric acid esters of meso-inositol. It is not probable that 
the optically inactive inositol monophosphate isolated from the soy bean 
lipide is an artifact produced by the intramolecular migration of phosphoric 
acid. If inositol is assumed to exist in the chair form (20), the distance be- 
tween the adjoining hydroxyls is not favorable to the formation of a cyclic 
diester which may be considered a prerequisite for isomerization (21). The 
two possible meso-inosito] monophosphates that will be optically inactive 
carry phosphoric acid at either carbon 2 or carbon 5 of the inositol (I). 
The 2-phosphate in which the polar hydroxy], the only one capable of oxida- 
tion by Acetobacter suborydans (20), is substituted has been shown by 
Iselin (22) not to be attacked by this organism. The fact that our inositol 
monophosphate was rapidly oxidized by Acetobacter without hydrolysis of 


the phosphoric acid ester link may be taken as an indication that it is the 
5-phosphate. 


EXPERIMENTAL 
Analytical Methods 


Phosphorus was determined by the method of King (23) and nitrogen by 
the micro-Kjeldahl| method, with the use of a copper sulfate-selenium 
catalyst and standards of ammonium sulfate to correct for nitrogen loss 
due to the prolonged digestion necessary. The Hagedorn-Jensen method 
(24) or a modification of it (25) was employed for the estimation of reducing 
sugars, and the procedure of Woolley (26) for the assay of meso-inositol.! 
The chromatography on filter paper of the phosphates was based on the 
work of Hanes and Isherwood (27) and of Bandurski and Axelrod (28). 
Procedures developed previously in this laboratory served for the chro- 
matography of sugars (29) and of nitrogenous bases (30). Free inositol 


was demonstrated on sugar chromatograms by the method of Partridge 
(31). 


Preparation of Lipides 


Inositol Lipides of Soy Bean—Specimens of commercial, alcohol-insoluble, 
granular soy bean phosphatides were the starting material.2 Most opera- 
tions were carried out at 4°. Several preparations were made by a purifi- 
cation procedure somewhat similar to that of Folch (8, 10). To a chloro- 
form solution. of the material (5.3 cc. of solvent per gm. of phosphatide) 
1.75 volumes of methanol were added carefully, forming two layers. The 
mixture was shaken vigorously and the flocculent precipitate collected by 

! We are very grateful to Dr. D. W. Woolley and Dr. J. Folch for the yeast cul- 
tures used in the assays. 


? This material was kindly supplied by Mr. Joseph Eichberg of the American 
Lecithin Company, Inc. 
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filtration. After three more precipitations from gradually diminishing total 
volumes, a preparation containing 3.15 per cent P was obtained (77 per 
cent of the weight of the starting material). A precipitation from a ben- 
zene solution (2.2 ec. per gm. of phosphatide) with 1.8 volumes of ethanol 
was followed by two similar treatments of a solution in chloroform with an 
equal volume of methano)]. The product was shaken with n hydrochloric 
acid for 30 minutes and the suspension submitted to dialysis against tap 
and distilled water for 3 days. An intimate aqueous suspension of the 
lipide was shaken for 10 minutes with Dowex 50 exchange resin in the Ht 
form and lyophilized. A white powder resulted, amounting to about 15 


TABLE [ 
Inositol Lipides of Soy Bean and Ox Brain 


KOH con-  HIO« con- 


ation No. Source P N Fatty acid Ash sumption* | sumption 
| percent percent percent per con | moles pe, | moles to, 

1 | Soy bean 3.28 | 0.44 65 1.08 
2 ™ _ 3.43 0.49 3.1 1.16 
3 i ' 3.58 0.93 
4 a 3.86 1.04 
5 Ox brain 5.95 1.0 3.0 
6 a 5.98 66t 1.0 


* With phenolphthalein as the indicator. 

+ The oxidation was carried out in water at 37° with 0.2 per cent HIO, and 40 y 
of lipide P per ce. The oxidation, in the course of which fatty acids were released, 
was complete in 100 hours. 

t Equivalent weight, 330; ratio of fatty acid to P, 1.1:1.0. 


per cent of the starting material. It could easily be suspended in water, 
but dilute suspensions, which had an acid reaction, were not stable. Prep- 
arations of this type are listed in Table I as Preparations 1 and 2. Another 
similar preparation had 3.24 per cent P. 

Another fractionation procedure, similar to the method of Carter et al. 
(9), which makes use of glacial acetic acid as the solvent, led to Prepara- 
tions 3 and 4 (Table I). The crude phosphatides were twice extracted 
with glacial acetic acid, and the solution of the insoluble residue in cyclo- 
hexane-petroleum ether (1:2) was washed with dilute acetic acid and water 
and dried. The precipitate produced by the addition of 1.2 volumes of 
ethanol was dissolved in 0.5 volume of chloroform and precipitated with 
0.6 volume of ethanol. The last step was repeated five times and the 
product, after dialysis of its suspension in N HC] against water for 4 days, 
recovered by lyophilization or precipitation with acetone. This fraction, 
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which formed a white powder amounting to about 5 per cent of the starting 
material, is listed in Table I as Preparation 3. The material soluble in 
glacial acetic acid was recovered by the addition of 2 volumes of water and 
purified similarly to Preparation 3. It comprised about 2 per cent of the 
starting material and is designated Preparation 4. 

Inositol Lipide of Ox Brain—Fresh tissue samples served as the source of 
several preparations made, with slight modifications, by the procedure of 
Folch for the isolation of base-free diphosphoinositide (12). Two speci- 
mens are listed in Table I as Preparations 5 and 6. 


Composition of Soy Bean Inositol Lipides 


Hydrolysis—The procedures were in general somewhat milder than those 
used by Woolley (7). It was found that boiling with aqueous 4 N HCl for 
35 minutes was sufficient to render 95 to 100 per cent of the lipide P wa- 
ter-soluble. Alkaline hydrolysis seemed even more rapid; e¢.g., in one 
experiment treatment with aqueous 2 Nn KOH at 100° for 20 minutes 
rendered 99 per cent of the lipide P soluble in water. Two typical hy- 
drolysis experiments are described here. For acid cleavage, 9 gm. of the 
lipide preparation were heated with 750 cc. of aqueous 4 N HCl at 100° 
for 35 minutes in a stream of nitrogen. The filtrate from the fatty ac- 
ids was extracted twice with 200 cc. of chloroform and evaporated in vacuo 
at a low temperature. The remaining syrup was freed of acid traces by 
repeated evaporation of added water or alcohol and then dissolved in 25 
cc. of water. For cleavage by alkali, a suspension of 9 gm. of lipide in 1 
liter of aqueous 2 N KOH was kept overnight at 4°, then boiled under a 
reflux for 35 minutes, cooled, and brought to pH 1 with 70 per cent per- 
chloric acid. The precipitate consisting of fatty acids and KCIlO, was re- 
moved by suction, the filtrate extracted twice with chloroform, adjusted 
to pH 6 with KOH, kept 1 day at 4°, again clarified by filtration, and con- 
centrated in vacuo. The isolation of organic phosphates from hydrol- 
ysates of this type will be described below. 

Nitrogenous Compounds—Hydrolysates prepared by vigorous acid treat- 
ment (6 Nn HCl, 50 hours, 100°) were used. Preparation 3 contained, in 
addition to one minor component, only ethanolamine (30). Preparations 
1 and 2, though containing less nitrogen than Preparation 3, yielded a 
much more complex series of adsorption zones, reacting with ninhydrin; 
they included ethanolamine together with small amounts of about ten 
amino acids, among which were glycine, serine, and glutamic acid. 

Isolation and Fractionation of Phosphoric Acid Esters—The addition of an 
excess of 25 per cent lead acetate to the aqueous hydrolysates prepared as 
described before produced a copious white precipitate which was washed 
with ice-cold water and decomposed with H.S. The filtrate was taken to 
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dryness in vacuo and the residue dissolved in a small volume of water. The 
proportion of total organic P precipitable by Pb varied with the prepara- 
tion from 40 to 90 per cent and depended upon the presence of phos- 
phorylated sugars to be mentioned later. Most of the free inositol phos- 
phate went into the lead precipitate. 

The phosphoric acid esters thus recovered from hydrolysates of Prepara- 
tions 1, 2, or 3 were subjected to descending chromatography on filter 
paper (Schleicher and Schuell No. 597 or Whatman No. 54) in a solvent 
composed of 6 volumes of n-propanol, 3 volumes of concentrated ammonia, 
and 1 volume of water (27). Sheets 46 cm. long and 18 cm. wide were used, 
divided longitudinally into five lanes. Aliquots, each containing 15 to 25 
y of P, were applied 6 cm. below the top and the separation was permitted 
to proceed for 24 to 28 hours, at which time the solvent front had passed 
the edge. The paper was sprayed with the reagent of Hanes and Isher- 
wood (27), heated at 105° just long enough to dry it, and then developed 
with H:S. Prolonged heating gave much less intense blue spots with the 
compounds studied. For the quantitative estimation of the P distribution, 
one lane of such a chromatogram was developed and used as a guide strip 
for the removal from the remaining lanes and the extraction with water of 
the separated zones. 

Chromatograms of hydrolysates, prepared with acid or alkali, showed 
three distinct blue spots with the following, somewhat variable, relative 
distances from the starting line: Component I, 20; Component II, 50; 
Component III, 100. Component I consisted of a complex mixture of car- 
bohydrate phosphates, which will be discussed below, and of inorganic 
phosphate, the latter appearing as a yellow area before the chromato- 
grams, sprayed with the molybdate reagent, had been treated with HS. 
Component II was inositol monophosphate, as will be shown in the next 
section. The fastest zone, Component III, was a mixture of a- and £- 
glycerophosphoric acids. 

Inositol Monophosphate—The identification of Component II as a mono- 
phosphoric acid ester of meso-inositol rests on the following evidence. (a) 
The assay of eluates by the method of Woolley (26) showed the compound 
to have an inositol to phosphorus ratio of 1.0. Since hydrolysis with 6 N 
HCl for 24 hours (26) converted only about 90 per cent of the organic P 
to inorganic P, the computations were based on the concentration of the 
latter in the hydrolysates. (b) The brain lipides which, on mild hydrolysis, 
yielded the expected inositol diphosphate described by Folch (12) after 
prolonged hydrolysis showed an additional component, which was indis- 
tinguishable chromatographically from soy bean inositol monophosphate. 
(c) Pure inositol monophosphate, prepared by a vigorous acid hydrolysis 
of the lipide (6), occupied the same position on the chromatograms as 
Component II. (d) Purified specimens of inositol monophosphate and elu- 
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ates of Component II consumed the same amount of NaIO, per P atom 
when treated with a 2-fold excess of a 0.05 per cent solution of the oxidant 
for 20 hours at room temperature. (When eluates were used, allowance 
was made for the small consumption of NaI, by extracts of paper blanks.) 
In both cases the consumption amounted to about 5 moles of periodate. 
The reasons for an uptake higher than that of 4 moles required by theory 
are unknown. 

For the isolation of inositol monophosphate, the mixture of phosphoric 
acid esters obtained by acid hydrolysis was refluxed for 2 hours with 6 n 
HCl. The solution of the residue remaining after concentration in vacuo 
and removal of HCl was neutralized with a little ammonia, and an excess 
of 25 per cent lead acetate was added. The precipitate was split with H.S 
and the filtrate evaporated. The residue was shaken three times with al- 
cohol, dissolved in a little water, and precipitated with alcohol. After 
repeated precipitation the white powder was washed with ether and dried 
in vacuo over P2Os. 

Such preparations showed no optical activity. When a specimen, which 
gave no Molisch test and was homogeneous chromatographically, was 
treated with resting cells of A. suborydans at 38° and pH 6.0 (Veronal 
buffer) under the conditions described before (20), a considerable uptake of 
oxygen was noted. The oxidation apparently went further than with 
meso-inositol itself, 3.2 atoms of oxygen being consumed per atom of phos- 
phorus. The determination of inorganic P performed at the end of the 
experiment after the removal of the bacteria showed that only 10 per cent 
of the organic phosphate had been hydrolyzed. When inositol monophos- 
phate was treated with prostatic phosphomonoesterase (32) at pH 5.0 
(Veronal buffer), 95 per cent of the phosphate was converted to the inor- 
ganic form. 

Phosphoinositol Glycosides—The addition of 6 volumes of ice-cold alcohol 
to the aqueous solution of mixed lead-precipitable phosphates discussed 
above produced a precipitate which was washed with alcohol and ether and 
dried. In most cases the product was precipitated once more and dried 
at 67° in vacuo. This treatment removed glycerophosphoric and phos- 
phoric acids; chromatography of the precipitate showed two compact areas, 
corresponding to Components I and II. The faster component again was 
inositol monophosphate; the slower one yielded eluates that gave a positive 
Molisch test and took up more than 6 moles of HIO, per gm. atom of P. 
It has so far not been possible to obtain sufficient quantities of this unknown 
Component I, without admixture of free inositol phosphate, for analysis. 
Most of the following studies were, therefore, performed with the purified 
mixed phosphates, though chromatographic control was employed in all 
experiments. 


The best yield of the unknown component was obtained by the alkaline 








34 INOSITOL-CONTAINING LIPIDES 


hydrolysis of the lipide. The further treatment with alkali of the isolated 
phosphates did not alter the ratio of the two components materially, though 
inorganic P was slowly liberated. The acid hydrolysis was more destruc- 
tive. The properties of several preparations are summarized in Table IT. 
It will be seen that Component I was strongly dextrorotatory (in water), 
that it was less soluble in alcohol than inositol monophosphate, and that its 
P content was around 5 per cent. 

Preparations of the organic phosphates were non-reducing. The libera- 
tion of reducing sugars by acid hydrolysis was followed in Preparations 3 
and 5 (Table II). Solutions of these products containing 0.6 mg. and 1.1 
mg. of total P per cc., respectively, were heated at 110° in sealed evacuated 


TaBLe [I 


Phosphoric Acid Ester Fractions from Soy Bean Lipides 


. : Hydrolysis at 100° Optical . . . 
. ; Source, . ar P ratio of Com- 
ae lipide prepar- ig — ponent II to 
ation No. pons rie la], | Component I 
min. | percent degrees } 

1f 1 4n HCl 25 10.3 +34.6 5.6 

2 1 ~~ = 30 6.66 +87.0 

3 2 2 “ KOH 35 6.86 +56.5 1.0 

4t 3 n KOH 30 8.91 +24.4 

5 3 — & 30 8.89 +30.3 3.0 


* The preparations were, for analysis, dried to constant weight at 67° in vacuo 
over POs. 

+ Aqueous solutions containing 2 to 3 mg. of P per ce. 

t These preparations had been precipitated once with alcohol, the others twice. 


‘tubes with n H.SO,. Since the quantities of free inositol monophosphate 
(Component IT) were known, it was possible to calculate the moles of re- 
ducing sugar (with galactose as the standard) per gm. atom of P in the 
unknown fraction, Component I. The moles of sugar liberated (the hy- 
drolysis period in hours in parentheses) were as follows: in Preparation 3, 
1.1 (9.5), 1.26 (20.5); in Preparation 5, 0.06 (0), 0.71 (1), 0.81 (2), 0.96 (3), 
0.96 (4), 0.96 (7.5). About 0.5 mole of reducing sugar per P atom was 
released in 19 hours when Preparation 5 was heated in water under the 
conditions described above. It may be concluded that Component I con- 
tained one reducing group per phosphorus. 

The chromatographic analysis of hydrolysates in the butanol-pyridine 
solvent and by the techniques described previously (29) revealed the pres- 
ence of two reducing sugars, galactose and arabinose. The latter could 
also be demonstrated by development with orcinol. Lonophoresis in borate 
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buffer (33) confirmed the presence of galactose and arabinose and also 
provided indications of the presence of a third as yet unidentified reducing 
component.’ Keto sugars (Seliwanoff test) and glucose (yeast fermenta- 
tion test) appeared to be absent. 

Preparation 3 (Table II), in which P was distributed equally between 
Components I and II, required 1.82 equivalents of KOH per P atom for 
neutralization. This indicates that it represented a mixture of monoesters 
of phosphoric acid. Further proof of this assumption was provided by the 
action of prostatic phosphomonoesterase on the mixed phosphates: incuba- 
tion at 37° for 24 hours at pH 5.2 liberated 85 per cent of the total P as 
phosphoric acid; no reducing sugars were set free. 

Component I contained, in addition to sugars and phosphoric acid, also 
meso-inositol. When assayed by the method of Woolley (26), hydrolysates 
of Preparation 3 were found to contain equimolar quantities of inositol and 
P. When Components I and II of Preparation 5 were separated by chro- 
matography in propanol-ammonia and their hydrolysates (N H2SO,, 110°, 
17 hours) rechromatographed in butanol-pyridine, inositol could be demon- 
strated (31) in both solutions. In addition, the hydrolysate of Component 
I contained the sugars mentioned before. The relative distances from the 
starting point were inositol 32, galactose 77, arabinose 100. 


Inositol Lipides from Ox Brain 


The procedures for hydrolysis and isolation of phosphoric acid esters 
resembled those described before with respect to the soy bean lipides. 
When the hydrolysis was carried out with 6 n HCl for 25 minutes at-100° 
and the organic phosphates were purified through the lead salt and two 
precipitations with ethanol, preparations were obtained that did not react 
in the Molisch or ninhydrin tests. Chromatography in propanol-ammonia 
showed three phosphoric acid ester areas. The slowest component, which 
was by far the major one, occupied the same relative position as did Com- 
ponent I of the soy bean lipide; it was undoubtedly the inositol diphosphate 
described by Folch (12). The second area, not seen in a hydrolysate pre- 
pared by heating for only 10 minutes with 6 N HCl, coincided with inositol 
monophosphate (Component IT) isolated from the soy bean lipide. A third 
faint component, better visible when the phosphates had not undergone 
precipitation with alcohol, occupied the chromatographic position of gly- 
cerophosphoric acid. 

Chromatography of the phosphoric acid esters on a Whatman cellulose 
powder column with 4 per cent picric acid in 4:1 tert-butyl alcohol-water 
(27) as the eluent revealed a more complex pattern. A hydrolysate pre- 


3 We are indebted to Dr. A. B. Foster, Chemistry Department of the University, 
Birmingham, England, for this examination. 
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pared under mild conditions (6 n HCl, 10 minutes, 100°) yielded three 
fractions. The fastest component (10 per cent of the organic P) consumed 
2 moles of HIO, per organic P atom; the middle fraction (40 per cent) con- 
sumed 1 mole and consisted of inositol diphosphate; the slowest component 
(50 per cent) consumed 2 moles of oxidant and appeared to be a phosphoric 
acid diester. The chromatographic component last mentioned disappeared 
when the mixture of organic phosphates was subjected to an additional 
treatment with acid (4 n HCl, 40 minutes, 100°). 


SUMMARY 


The inositol phosphatides of soy bean and ox brain have been prepared 
and analyzed. The water-soluble phosphates released from them by brief 
acid and alkaline hydrolysis have been separated chromatographically and 
studied. 

The hydrolysis products of the soy bean phosphatide included, in addi- 
tion to inositol monophosphate the structure of which is discussed, a mix- 
ture of phosphoric acid esters not previously described. They are thought 
to be the galactoside and arabinoside, respectively, of inositol monophos- 


phate. 
In the brain lipide hydrolysate, inositol diphosphate and a more complex 
substance, probably a diester, were found. 
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THE INTERACTION OF A 9-AMINOACRIDINE DERIVATIVE 
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The reversible interaction of a 9-aminoacridine derivative with the ribo- 
nucleic acid of yeast was reported in a preliminary paper (1). The present 
report is concerned with a study of the binding of 2-methoxy-6-chloro-9- 
(1’-methyl-8’-diethylaminooctylamino)acridine (SN-12868)! by the nucleo- 
protein and desoxypentose nucleic acid of beef spleen, and additional data 
are presented for the interaction of this compound with yeast ribonucleic 
acid. These interactions are typical of the general reversible combination 
of 9-aminoacridines with nucleic acids and nucleoproteins. Such interac- 
tions are of interest not only from the standpoint of their possible relation- 
ship to the distribution in tissues and to the pharmacologic activity of these 
compounds but also because they provide a plausible explanation for the 
effect of the ribonucleic acid in blocking the inhibition by acridines of the 
growth of certain bacteria (3, 4), yeast (5), and bacterial viruses (6-8). 
Such interactions also may be involved in the staining and retardation in 
vivo of tumors in mice by acridine derivatives (9). In addition, interactions 
of this type can be applied in the study of some of the properties of nucleic 
acids and nucleoproteins. 


EXPERIMENTAL 


The ionization exponents of SN-12868 have been reported previously 
(10). The interactions with nucleate anions were studied in the range of 
pH 5.6 to 5.9 in which SN-12868 exists as the species *HB-B’H*, where B 
represents the ring nitrogen and B’ the diethylamino nitrogen of the side 
chain. This species is designated as the ligand and is symbolized as L. 
The experimental details and techniques for the direct spectrophotometric 
evaluation of the binding constants were similar to those presented in the 
previous paper (11). In some cases these reversible interactions were de- 
termined also by the method of equilibrium-dialysis (12-14). For this 
procedure 5 ml. portions of the nucleate solution, usually at initial concen- 
trations of 5 X 10-* tol & 10~* gm. atom of nucleate phosphorus per liter, 


* Aided by a grant from the Research Corporation. 
'This is the code number assigned by the Office of the Survey of Antimalarial 
Drugs (2). This compound is a homologue of quinacrine. 
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in phosphate buffer of desired pH and ionic strength, were measured into 
weighed cellophane bags which were then placed in small flasks containing 
5 ml. of phosphate buffer with varying amounts of the 9-aminoacridine 
derivative. The flasks were shaken mechanically for 48 hours. At the end 
of this time the bags were removed, the external surfaces were blotted with 
filter paper to remove adhering fluid, and the bags were weighed again in 
order to permit the calculation of the equilibrium volume of the internal 
solution from the weight and density. The concentration of the 9-amino- 
acridine in the external solution was determined by spectrophotometry. 
Corrections for the adsorption of the 9-aminoacridine on the cellophane and 
glass surfaces were obtained from a series of blank determinations in which 
the nucleate was omitted. The correction for adsorption which was ap- 
plied in a particular experimental case was that which corresponded to an 
identical equilibrium concentration of free 9-aminoacridine in the blank 
series. Corrections for the Donnan membrane equilibrium were found to 
be unnecessary by calculation and by determination of the pH of internal 
and external solutions at equilibrium. In a few cases equilibrium was ap- 
proached from both sides in order to demonstrate the reversibility of the 
interactions. 

The sample of SN-12868 employed in this work was obtained through 
the courtesy of Dr. Charles R. Hauser of Duke University. The samples 
of nucleic acids and nucleoproteins used in the present study were identical 
with those employed in the previous investigation (11). The average mo- 
lecular weights of these preparations are unknown, but estimates of the 
axial ratios from viscosity measurements were reported (11). In the ab- 
sence of data for the molecular weights of the nucleates, the intrinsic bind- 
ing constant, k’, was evaluated by the following equation (11, 15) which 
was applied to data obtained by the spectrophotometric and by the equi- 
librium-dialysis methods. 

[NL] jm &INL] 

(LIP ~ k “tain (1) 
In this equation P is the concentration of nucleate phosphorus in gm. atoms 
per liter, [NL] and [L] are, respectively, the molar concentrations of bound 
and free ligand (the 9-aminoacridine), m is the maximal number of ligand 
molecules which can combine reversibly with 1 molecule of the nucleate, and 
p is the number of atoms of phosphorus per molecule of nucleate. A plot 
of [NL]/[L]P versus [NL]/P should yield a straight line if there is no change 
in the electrostatic factor and if the binding can be interpreted in terms of 
a single intrinsic binding constant. The intercept on the [NL]/[L]P axis 
is k’m/p, and the intercept on the [NL]/P axis is m/p. Ideally, this pro- 
cedure should permit the determination of k’ and of m/p, although the 
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absolute values of m and p cannot be calculated unless the molecular weight 
of the nucleate is known. In practice, the value of k’m/p could be deter- 
mined with satisfactory accuracy, but the evaluation of m/p was less cer- 
tain, owing to the long extrapolations which were necessitated by the limi- 
tation of the data imposed by the precipitation of the complex when the 
value of [NL]/P exceeded approximately 0.15. For this reason we are 
reporting the value of k’m/p in each case in addition to our best estimates 
on the individual values of m/p and of k’. Furthermore, k’m/p is related 
to k’;, the equilibrium constant for the binding of the first molecule of ligand 
to the nucleate, by the following equation. 


k's/p = k’'m/p (2) 
DISCUSSION 


When the species *HB-B’H* of SN-12868 interacts with nucleates, the 
shift in absorption spectrum is greater when this compound is bound to 
the highly polymerized desoxypentose nucleate of spleen than when it is 
bound to a partially degraded preparation of the ribonucleate of yeast 
(Fig. 1). The absorption spectra of the ligand bound to the desoxypentose 
nucleoprotein and to the corresponding desoxypentose nucleate are identi- 
cal. The data presented in Fig. 1 correspond to the conditions of relatively 
high concentrations of the nucleate or nucleoprotein such that the ligand 
is completely bound. At lower concentrations of the nucleate the absorp- 
tion spectra are intermediate between the spectrum of the free ligand and 
that of the bound ligand. Spectrophotometric observations were not ex- 
tended routinely below wave-length 320 my, inasmuch as the nucleates and 
nucleoproteins, as well as SN-12868, absorb strongly at the shorter wave- 
lengths and this would have necessitated the use of very dilute solutions in 
which binding would have been difficult to evaluate accurately. The few 
measurements which were made in the range of 320 to 220 mu demonstrated 
a considerable difference between the absorption spectra of mixed solutions 
of SN-12868 and nucleates and the calculated summation of the individual 
absorption spectra of the unmixed reactants. These observations provide 
additional evidence of interaction, but spectrophotometry in the range of 
short wave-lengths is not sufficiently accurate for quantitative evaluation 
of the binding constants. 

Data are presénted in Fig. 2 for the interaction of SN-12868 with yeast 
tibonucleate, at several values of temperature and ionic strength, as deter- 
mined by the direct spectrophotometric and the equilibrium-dialysis meth- 
ods. The results by the two procedures are in good agreement. It can be 
concluded from this agreement between the two methods that in the range 
of concentrations of nucleate and ligand which we have studied there is no 
binding which is not accompanied by a concomitant change in the absorp- 
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320 340 360 380 400 420 440 460 480 
Fig. 1. Spectrophotometric absorption curves for SN-12868 at pH 5.85. Curve 
1, nucleates absent; Curve 2, in the presence of excess ribonucleate of yeast (4154 
of nucleate phosphorus per ml.); Curve 3, in the presence of excess desoxypentose 
nucleate of beef spleen (45 y of nucleate phosphorus per ml.). 
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Fia. 2. Data for the interaction of SN-12868 with yeast ribonucleate at pH 5.65. 
, @, by equilibrium-dialysis; 0, O, by direct spectrophotometry. Curve 1, for 
8° and r/2 = 0.02; Curve 2, for 8° and r'/2 = 0.10; Curve 3, for 30° and r'/2 = 0.10. 

Fic. 3. Data for the interaction of SN-12868 with the desoxypentose nucleate 
(Curves 1 and 3) and nucleoprotein (Curve 2) of beef spleen at pH 5.65 and 30°. 
Curves 1 and 2, at '/2 = 0.02; Curve 3, at T/2 = 0.10. 
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tion spectrum of the ligand; 7.e., the direct spectrophotometric method is a 
measure of total binding of the ligand by the nucleate. The effect of tem- 
perature on the binding is small in the range studied, but it is comparable 
with the effect reported by Klotz and Urquhart for the binding of the 
anions of certain dyes by bovine serum albumin (16). 

The results of a study of the interaction of SN-12868 with the desoxy- 
pentose nucleate and nucleoprotein of beef spleen are presented in Fig. 3, 
and the evaluated constants are recorded in Table I with those for yeast 
ribonucleate. In Figs. 2 and 3 the straight lines drawn according to Equa- 
tion 1 fit the data reasonably well. It is important to emphasize that this 
formulation may ultimately prove to be an oversimplification of the prob- 
lem, but it has seemed to be advisable to make the present interpretation 
in the simplest possible terms with the hope that supplementary data may 
permit a more detailed interpretation at a later date. Our preliminary re- 
port (17) and additional unpublished measurements have demonstrated 
that quinacrine, SN-12868, and other 9-aminoacridines are reversibly bound 
by mononucleotides such as adenylic acids a and b and guanylic acid, but 
the binding by the simple nucleotides is of a lower order of magnitude than 
the binding of the 9-aminoacridines by nucleic acids and polynucleotides. 
The various mononucleotides differ among themselves in their strengths of 
interaction with a particular 9-aminoacridine. These observations suggest 
that the binding of SN-12868 by nucleic acids may actually involve several 
classes of groups or binding sites, corresponding to the different types of 
nucleotides, with different intrinsic binding strengths or association con- 
stants. These various intrinsic binding strengths of the nucleic acids can 
be considered to be composed of the intrinsic strengths of binding by their 
constituent nucleotides augmented by effects, such as a large electrostatic 
charge, which can be attributed to the macromolecular properties of the 
nucleic acids. Unfortunately, the differences in the strengths of interac- 
tion of the various mononucleotides with SN-12868 are relatively small, 
and it is not surprising that our data for the binding of this 9-aminoacridine 
to nucleic acids can be described in terms of a single intrinsic association 
constant. Nevertheless, it is probable that this single association constant 
represents an average or composite of several different constants corre- 
sponding to several classes of binding sites whose interactions with SN- 
12868 overlap to the extent that they cannot be determined individually. 
It is to be hoped that a compound will be found which will exhibit a greater 
degree of specificity of interaction than SN-12868 or which will interact 
with various types of binding sites on the nucleic acid with less overlapping. 
A compound of that type could be used to obtain valuable information con- 
cerning the composition and structure of nucleic acids. 

Cavalieri et al. (14, 18, 19) have reported that their data for the interac- 
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tion of rosaniline with nucleates are described best in terms of two associa. 
tion constants, k, and k2, which they interpret as the constants for the inter. 
action with secondary (doubly charged) monoester phosphate and primary 
(singly charged) phosphate groups, respectively. Their symbols for the 
maximal number of binding sites per molecule of nucleic acid, or per gm. 
atom of nucleic acid phosphorus in some cases, are n; and nz for the two 
classes of sites corresponding to the association constants k; and ke, respec- 
tively. The primary phosphate groups are principally diester phosphate 
groups, but presumably the singly ionized monoester phosphate groups also 
are included in this category. Although their interpretation of their ob- 
servations is interesting and attractive, it should be pointed out that it is 
not lacking in complications, inasmuch as these authors have reported in 
some cases a larger value of n; at pH 5.5 to 5.6 than at pH 6.6 to 6.7. The 
apparent ionization exponent for the second ionization of monoester phos- 
phate groups in nucleic acids has been reported (20, 21) to be in the range 
of 6 to 6.5 at values of ionic strength comparable to the conditions of the 
measurements of Cavalieri et al. With either of these values for this ex- 
ponent, one would expect a much higher concentration of doubly charged 
monoester phosphate, and thus a higher value of m, at pH 6.6 than at pH 
5.5 if the explanation of the significance of n; proposed by Cavalieri et al. 
is correct and is not affected by complicating factors. Of course, there may 
be such complicating factors, as for example a subtle change in the macro- 
molecular state of the nucleic acid in the pH range of 5.5 to 6.7, which might 
account for the unexpected decrease in n;. Nevertheless, this reversal of 
the expected trend would adversely affect the usefulness of their data in 
determining the ratios of doubly charged to singly charged phosphate 
groups in nucleic acids under some, if not all, conditions. In our experi- 
ments on the binding of SN-12868 to various nucleates in the range of pH 
5.6 to 5.9, there seemed to be no indication that the data should be treated 
in terms of two intrinsic binding constants. This is not necessarily con- 
tradictory to the results of Cavalieri et al., inasmuch as they were studying 
the binding of a different compound and the nucleic acids which they used 
were not identical with those employed by us. We have not attempted 
to study the binding of SN-12868 to nucleates at higher values of pH, at 
which larger proportions of doubly charged monoester phosphate would 
be present, for the reason that the acid-base equilibria (10) involving SN- 
12868 at higher values of pH would have complicated greatly the analysis 
of the data. 

Corrections for progressive changes in electrostatic effects during the 
binding (12, 15) did not seem to be required in treating the data of Figs. 
2and3. This may indicate that the binding of SN-12868 to the nucleate 
is accompanied by release of some of the bound sodium ions. That sodium 
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ions are bound to polyvalent nucleate anions to some extent is suggested 
by the results of an attempt to apply the Debye-Hiickel interionic attrac- 
tion theory to an evaluation of the effect of changes in ionic strength upon 
the association constants for the binding of SN-12868 to the ribonucleate of 
yeast. Thus, the approximately 20-fold decrease in k’ resulting from an 
increase of ionic strength (['/2) from 0.1 to 1.0 (Table I) would indicate an 
average charge of 18 on the nucleate, whereas a maximal charge of ap- 
proximately 50 would be expected for this nucleate at pH 5.6 if sodium 
ions were not bound. However, this discrepancy may be attributable in 
part to the inadequacy of attempting to apply the Debye-Hiickel theory 
for small spherical ions to an ion which has a shape more nearly correspond- 


TaBLeE I 


Constants for Reversible Binding of SN-12868 by Various Nucleic Acids and 
Nucleoproteins at pH 5.65 


























| | 
Nucleate ae oe | r/2 “ X 1073} k’ X 1073 : 
da aay eit 7 . ran eae ae, i sey 
Ribonucleate of yeast 8 0.02 9.6 19.2 0.5 
a 8 0.10 3.5 8.8 0.4 
“ ae 30 0.10 3.1 7.8 0.4 
- a x5 30 1.0 0.16 0.4 0.4 
Desoxypentose nucleate of beef spleen} 30 0.02 14.0 28.0 0.5 
30 0.10 | 5.1 11.3 0.45 
Desoxypentose nucleoprotein of beef 30 0.02 10.0 22.2 0.45 
spleen 30 1.0 0.32 0.8 4 





ing to a cylindrical rod. Other, more extensive evidence for the binding 
of inorganic ions by nucleic acids has been reported by Creeth et al. (22, 
23), Ui and Watanabe (24), and Shack et al. (25). 

In discussing the data of Figs. 2 and 3 and Table I, it is desirable to em- 
phasize again that, although the values of k’m/p have been determined with 
satisfactory accuracy, the estimation of m/p has of necessity involved a 
long extrapolation in each case, and no great accuracy can be claimed for 
these values nor for the corresponding data for k’ which have been calcu- 
lated with the use of these values of m/p. The difficulty in determining 
m/‘p from such long extrapolations is analogous to the problem involved 
in the calculation of the equivalence point of an acid-base titration from 
the data for the titration of less than 20 per cent of the acid. However, 
data for k’m/p are useful for comparing the relative strengths of binding 
of various 9-aminoacridines with different nucleic acids, and certain tenta- 
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tive conclusions can be drawn from the estimated values of m/p. The data 
of Table I demonstrate that SN-12868 interacts more strongly with the 
highly polymerized desoxypentose nucleate of spleen than with the partially 
degraded ribonucleate of yeast at comparable values of pH and ionic 
strength. This seems to be due principally to differences in the values of 
k’ rather than of m/p, and probably this is the result of the difference in 
electrical charge which is concomitant with the difference in size of these 
polyvalent anions; viz., with the relative numbers of phosphate groups per 
molecule. However, the difference in the binding strengths of these nu- 
cleates is considerably less than would be expected on this basis. This 
fact probably can be attributed to the binding of inorganic cations by the 
two nucleates which would tend to decrease the difference between their 
net charges per molecule. The effect of the size of the nucleate on the bind- 
ing of SN-12868 and quinacrine has been applied in following the degrada- 
tion of ribonucleate by alkali (1) and by ribonuclease (17). The direct 
spectrophotometric method is particularly suitable for this purpose. Cava- 
lieri et al. (18) have studied the products of the enzymatic depolymeriza- 
tion of nucleic acids in relation to the binding of rosaniline. 

The strength of binding of SN-12868 by the desoxypentose nucleopro- 
tein of beef spleen is almost as great as the strength of interaction with 
the desoxypentose nucleate derived from the nucleoprotein (Fig. 3 and 
Table I). A similar result was obtained in the study of the binding of the 
4-aminoquinoline, chloroquine (11). If the nucleate is bound to the pro- 
tein by electrostatic bonds, competition between the protein and the quino- 
line or acridine derivative would be expected, and such competition should 
result in a decrease in the apparent strength of binding of the small organic 
cations to the nucleate. The fact that the decrease is small suggests that 
’ the protein may be bound to the nucleate, at least in part, by bonds of 
types other than electrostatic or that the protein and these small organic 
cations are bound to the nucleate at different sites. However, another 
explanation for our observations may be that the binding of inorganic ca- 
tions by the nucleate decreases the electrical charge on the nucleate toa 
value which differs little from the charge on the corresponding nucleopro- 
tein at the same pH and ionic strength. 

A comparison of the data of Table I with data reported previously fo 
chloroquine (11) indicates that the 9-aminoacridine derivative interacts 
more strongly with each nucleate than does the 4-aminoquinoline derivative 
at similar values of pH and ionic strength, although both compounds were 
doubly charged cations under the conditions of the measurements. This 
suggests that supplementary bonds such as hydrogen bonds and van der 
Waals’ forces may be involved in the binding of these compounds to nv- 
cleates in addition to the electrostatic bonds. The van der Waals’ forces 
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should be greater for the 9-aminoacridine derivative than for the 4-amino- 
quinoline, inasmuch as the former possesses one more aromatic ring than 
the latter. 

It is of interest to compare the strength of binding of SN-12868 to nu- 
cleic acids with data reported for other compounds, but such comparisons 
should be made with some reservations because of differences in the nucleic 
acids and in the conditions of the measurements. The data for several 
compounds, expressed in terms of the symbols and units used in this paper 
are as follows: for acriflavine versus tobacco mosaic virus (26), log k’ = 
4.1, m/p about 0.8 at pH 6.5 and very low ionic strength; for phenothiazone 
versus yeast ribonucleic acid (27), log k’ = 3.5, m/p = 0.055 at pH 7.4, 
5°, and T'/2 about 0.05; for thionol versus yeast ribonucleic acid (27), log 
k’ = 3.6 and m/p = 0.008 at pH 7.4, 5°, and T'/2 about 0.05. 

In order to evaluate the réle of the aliphatic side chain of SN-12868 in 
the binding of this compound by nucleoproteins, we have attempted to 
study the interaction with nucleoproteins exhibited by 2-methoxy-6-chloro- 
9-aminoacridine, the parent compound in which the side chain is lacking. 
Unfortunately, this compound is sparingly soluble in aqueous buffers, and 
accurate data on the binding could not be obtained. However, the spec- 
trophotometric absorption curves presented in Fig. 4 demonstrate that 
interaction does occur and that the presence of the side chain is not a req- 
uisite for the binding to nucleoproteins. The possible modifying or poten- 
tiating effect of the side chain cannot be evaluated at this time because of 
our inability to obtain accurate quantitative data with the parent com- 
pound. : 

At the concentrations of SN-12868, quinacrine, and other 9-aminoacri- 
dines which are attained in the tissues of animals receiving these chemo- 
therapeutic agents, it would be expected from the data reported here that 
a large fraction of the total concentration of these drugs would be bound 
to nucleic acids and nucleoproteins. This may be an important factor in 


tHB-B’/H*+ = Ht + B-B’/H* = Ht + BB’, = B-B;, 


+ + 

N P 

I It 
N-HB-B’H* P-B-B’H* 


the distribution of these compounds in the tissues and fluids. However, it 
is only one of several factors. Some of the complex equilibria which are 
involved in the distribution of SN-12868 in tissues are illustrated by the 
accompanying processes. 

In these processes *HB-B’H* and B-B’H* represent the two principal 
ionic species of SN-12868 which are present at pH 7.4 (cf. (10)); N-HB- 
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B’H* and P- B-B’H* represent the species bound to nucleoproteins, N, and 
to plasma proteins, P, respectively; B-B’, and B-B’; are the non-ionized 
species in the aqueous and lipide phases, respectively. Although the con- 
centration of B-B’, is very small at pH 7.4 (10), the distribution coefficient 
is such that the concentration of B-B’,; at equilibrium is relatively high. 
The reversible interaction of the species B-B’H* with plasma proteins has 
been reported previously (28). It is possible that the interaction of SN- 
12868 and other 9-aminoacridines with nucleic acids and nucleoproteins 
may be related to the chemotherapeutic activity of these compounds, but 
it is difficult to test the validity of this idea in the absence of experimental 
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Fig. 4. Spectrophotometric absorption curves for 2-methoxy-6-chloro-9-amino- 
acridine at pH 6 and r'/2 = 0.02. Curve 1, in the absence of nucleoprotein; Curve 2, 
in the presence of the desoxypentose nucleoprotein of beef spleen (34 y of nucleo- 
protein phosphorus per ml.). 
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systems for demonstrating the functions of nucleic acids and nucleopro- 
teins in vitro. Nevertheless, the extent and strength of these interactions 
are such that it might be desirable to consider this possibility along with 
others which have been advanced to account for the pharmacologic activ- 
ity of these agents. 


SUMMARY 


The reversible interaction of SN-12868, 2-methoxy-6-chloro-9-(1’-methyl- 
8’-diethylaminooctylamino)acridine, with nucleic acids and nucleoproteins 
has been evaluated by direct spectrophotometry and by equilibrium dial- 
ysis. This compound is bound more strongly by the highly polymerized 
desoxypentose nucleate and nucleoprotein of beef spleen than by a prepara- 
tion of yeast ribonucleate. The nucleate and nucleoprotein of beef spleen 
bind SN-12868 with similar strengths. The association constants for the 





inter 
cusse 
com] 
tion. 
actio 


chlor 


ONO wD 
i) 
—, 


and 
ized 
2on- 
ient 
‘igh. 

has 
SN- 
reins 
but 
ental 


amino- 
urve 2, 
1ucleo- 


eopre- 
ctions 
g with 

activ- 


nethyl- 
roteins 
m dial- 
nerized 
repara- 
"spleen 
for the 





J. L. IRVIN AND E. M. IRVIN 49 


interactions decrease with increasing ionic strength. The possibility is dis- 
cussed that such interactions may be concerned in the distribution of this 
compound among various tissues and in its chemotherapeutic mode of ac- 
tion. The side chain of SN-12868 is not an absolute requisite for the inter- 
action of this compound with nucleoproteins, inasmuch as 2-methoxy-6- 
chloro-9-aminoacridine also is bound. 
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THE COMPOSITION OF UTERINE AND ENDOMETRIAL 
NUCLEIC ACID* 


By NORMAN I. GOLD anp SOMERS H. STURGIS 


(From the Department of Surgery, Peter Bent Brigham Hospital, 
Boston, Massachusetts) 


(Received for publication, May 28, 1953) 


It has been shown by Vendrely and Vendrely (1, 2) that the average 
desoxy pentose nucleic acid (DNA) content per cell is constant in several tis- 
sues. Employing microspectrophotometric analysis of single cells, Leuch- 
tenberger and Schrader (3) have pointed out that the cellular DNA content 
of the same type of cell may vary by as much as a factor of 30 and that 
the DNA content of each cell is related to the secretory function of these 
cells. 

Studies of the purine and pyrimidine composition of nucleic acids from a 
variety of sources (4-6) suggest (7) that the composition of DNA is constant 
for different tissues in the same species. There is little information on the 
purine and pyrimidine composition of both the DNA and the pentose 
nucleic acid (PNA) from a single tissue undergoing marked physiological 
and morphological changes. Chargaff et al. (5, 8) showed that the purine- 
pyrimidine composition of the nucleic acids from a specimen of human 
cancerous and “‘unaffected” liver was the same. The purine compositions 
of the DNA from several human cancers and normal tissue were shown to 
be identical by Asimov and Simon (9), and Gold and Sturgis (10) indicated 
that the pyrimidine composition of the DNA of human endometrium 
throughout the menstrual cycle was constant. 

It has also been observed (11, 12) in tumor-bearing animals that the 
nucleic acid content of non-tumor-bearing tissue is altered from that found 
in control animals. Reddy and Cerecedo (13) have shown that gestation 
in the mouse can cause an increase in the nucleic acid concentration in the 
liver, kidney, and lung in the parent. 

Because the steroid sex hormones act specifically on the uterus to cause 
distinct alteration in cell function and morphology, we wished to determine 
whether these changes were accompanied by variations in the purine and 
pyrimidine composition of the DNA and PNA from this tissue. In addi- 
tion, we studied the spleen and liver in the rat to determine whether com- 
positional changes in their nucleic acids occurred as a result of the action 
of the steroid sex hormones. 


* Supported in part by a grant from the American Cancer Society, Massachusetts 
Division, Inc., and in part by a grant from the United States Public Health Service. 
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UTERINE NUCLEIC ACID 
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Methods 


Tissue—Fresh human endometrial samples were obtained and classified 
as described previously (10). Rat tissues were obtained from albino, Hisaw 
strain rats. Four types of hormone régimes were employed. 

Castrate—Mature 80 to 100 gm. females were sacrificed 2 to 3 months 
after ovariectomy. 

Estrogen—Directly after castration similar animals were given 2 y of 
estradiol dipropionate in 0.1 ml. of sesame oil, intramuscularly, every other 
day for five injections. The animals were sacrificed 24 hours after the last 
injection. 

Deciduomata—On the day of ovariectomy, 2 7 of a-estradio] were ad- 
ministered; then, 11 days later 1.5 mg. of progesterone in 0.15 ml. of sesame 
oil were injected intramuscularly daily until sacrifice. On the 13th day 
after castration the uterus was traumatized by scratching the antimesenteric 
length of the uterine lumen with a burred No. 23 intravenous needle. 5 
days following traumatization, the uteri and other organs were removed 
for analysis. 

Sham Deciduomata—These animals were prepared by following the same 
régime as for the deciduomata group with the omission of traumatization. 

Preparation of PNA—The method of preparation of the PNA was es 
sentially that described by Kerr and Seraidarian (14). High speed cen- 
trifugation was used in place of filtration. Thymine was not found in the 
PNA hydrolysates. 

Preparation of DNA—The tissue residue remaining after PNA extrac. 
tion was washed with absolute alcohol and ether and dried. This was the 
DNA preparation. Both PNA and DNA preparations contained traces 
of protein. The protein did not interfere with the analyses. Uracil was 
not found in the DNA hydrolysates. 

Hydrolysis of PNA and DNA. Method 1—A small number of PNA san- 
ples were hydrolyzed by heating with 1 ml. of 1 n HCl at 100° for 1 hour in 
sealed tubes, as described by Smith and Markham (15). This serves to 
hydrolyze the PNA to guanine, adenine, cytidylic acid, and uridylic acid, 
The tubes were cooled, and the contents filtered and transferred to 14 inch 
wide Whatman No. 1 filter paper strips for one-dimensional ascending 
chromatography. 

Method 2—The majority of PNA and DNA was hydrolyzed by heating 
approximately 1 mg. samples of the nucleic acid preparations in glass- 
stoppered micro-Preg] tubes with 0.04 ml. of 70 per cent HCO, at 100° for 
1 or 2 hours (16, 17). This procedure hydrolyzes the nucleic acid to the 
free purines and pyrimidines. The tubes were then cooled, 0.04 ml. of 
water was added, and the tubes were shaken. Carbon particles were re 
moved by centrifugation and the supernatant fluid was applied to filter 
paper strips as a narrow band about 13 inches from the bottom. 
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Chromatography. Method 1—For the 1 n HCl PNA hydrolysates the 
solvent system employed was 70 per cent (volume per volume) tertiary 
butanol, 0.8 n in HCl (15). Chromatography separates guanine, adenine, 
cytidylic acid, and uridylic acid in that ascending order. 


TaBLe [ 


Reproducibility of Methods for Purine and Pyrimidine Composition of PNA Obtained 
from Rat Liver 





Per cent molar composition* 





EOL ER nee Pe ee = Ane | 32.2 + 0.4 
Adenine..... ; ; ine. ieinta evince sea ak ate 21.1 + 0.3 
ein cticipinntion ition mibdivaconiied | 27.8 + 0.3 
Cytosine.... oe eee ee 18.9 + 0.4 





*The molar composition is followed by the standard error of the mean. The 
total number of moles is calculated to equal 100 per cent. Eighteen aliquots were 
analyzed. 

















TaBLe II 
Purine and Pyrimidine Composition of PNA Obtained from Human Endometrium 
Phase of endometrium LF ; ‘ ee ad aa 
Guanine Adenine Uracil Cytosine 
Proliferative 10 | 34.14 1.0 | 19.9 + 0.2¢ | 17.8 + 0.6 | 28.14 1.2 
(1-14 days) 
Early secretory 8 | 34.8+1.1 | 19.0 +1.0 | 18.5 + 0.8 | 27.7 + 1.6 
(14-19 days) 
Midsecretory 7 | 33.140.9 | 19.84 1.4 | 16.3 + 0.7 | 30.8 + 1.2 
(20-25 days) 
Late secretory 7 | 31.7 41.1 | 22.6240.8 | 17.34 0.5 | 28.24 1.2 
(26-29 days) 
Menstrual 4 |31.8+0.8 | 21.641.0 | 16.7 + 0.4 | 29.74 1.3 
Hyperplastic 6 | 37.9+1.7¢ | 19.2 +0.9 | 17.1 + 1.8 | 25.6 + 1.5 
Early decidua 4 | 38.5 + 0.77 | 18.6 + 0.7¢ | 17.8 + 0.5 | 25.1 + 0.6 
Term decidua 4 | 35.44 2.0 | 17.6 + 1.1¢ | 15.7 + 1.7] 31.24 1.1 

















*+ the standard error. 
+ These means are significantly different from the corresponding late secretory 
means. Fisher ¢ values in these cases are >3 and P <0.007. 


Method 2—For the HClO, hydrolysates aqueous isopropanol (65 per 
cent, volume per volume, in 2.0 n HCl) was used as a solvent (18). Chro- 
matography separates guanine, adenine, cytosine, uracil, and thymine in 
that ascending order. All paper strips were dried at room temperature 
before elution of the nucleotides and bases. 

Estimation—The nucleic acid components were located on the chromato- 
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gram by inspection with the ultraviolet Mineralight lamp. 
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The spots were 


cut out and eluted for 12 to 24 hours in 0.1 n HC! at room temperature, 


Comparable areas from control strips were eluted for blanks. 


The optical 


densities of the eluates were determined at 250 mu for guanine, 260 my for 


TaBLe IIT 


Purine and Pyrimidine Composition of DNA Obtained from Tissue of Rats 


Hormone régime 


Castrate .. 
Estrogen. . 
Deciduomata...... 
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re (sham)t | 


Mean... 


Castrate. . 
Kstrogen. . 
Deciduomata... 


“ (sham)f.| 


Mean.... 
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Estrogen......... 
Deciduomata (shan 


Mean..... 


7 | 








Maintained on Varied Steroid Hormone Levels 


Per cent molar composition* 


No. | 
of 
sam- a 
ples | Guanine Adenine 
Uterus 
3 | 20.6 27.0 
12 | 21.5 + 0.5 | 28.7 + 0.7 
17 | 21.7 + 0.4 28.7 + 0.4 
4 | 21.5 + 0.9 | 28.4 + 1.1 
21.3 3.2 
Liver 
6 | 21.7 + 0.9 | 27.6 + 0.7 
16 | 21.8 + 0.6 | 27.2 + 0.6 
6 | 23.3 + 0.6 26.9 + 0.6 
7 | 24.6 + 0.8 | 27.3 + 0.4 
— = — 
22.7 27.2 
Spleen 
10 | 22.1 + 0.7 | 28.1 + 0.4 
23 | 22.7 + 0.7 | 27.2 + 0.6 
18 | 22.0 + 0.5 | 29.7 + 0.3 
| 22.2 | 28.3 


* Standard errors are included where feasible. 
+ Uterus not traumatized. 


adenine, uracil, and uridylic acid, 275 my for cytosine, 


Thymine Cytosine 


30.5 


22.0 
29.3 + 0.8 | 20.4+ 0.4 
29.7 + 0.4 | 19.9 + 0.4 
29.8 + 0.6 | 20.1 + 0.6 
29.8 20.6 
29.4 + 0.6 | 21.2 + 0.6 
31.0 + 0.6 20.4 + 0.5 
28.5 + 0.8 | 21.2 + 0.6 
27.3 + 0.8 20.7 + 1.0 
29.0 20.9 
29.1 + 0.8 | 20.6 + 0.4 
28.9 + 0.4 | 21.1 + 0.4 
26.9 + 0.5 | 21.2 + 0.3 
28.3 21.0 


280 muy for cytidylic 


acid, and 265 my for thymine in the Beckman spectrophotometer in the 
manner described previously (10). 


Results 


The precision of the hydrolytic and chromatographic techniques was 


determined by analyzing eighteen aliquots of a sample of rat liver PNA, 
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~t 
~t 


prepared from a batch of pooled rat livers. The resulting purine and py- 
rimidine compositions, expressed as moles per cent with the standard error 
of the means, are presented in Table I. 


TaBLe IV 
Purine and Pyrimidine Composition of PNA Obtained from Tissue of Rats 
Maintained on Varied Steroid Hormone Levels 





. Per cent molar composition* 
Hormone régime No he 
sampies 
Guanine Adenine Uracil Cytosine 
Uterus 
Castrate 2 (39.2 19.4 114.3 27.1 
Estrogen 12 39.0 + 0.9)17.2 + 0.4)14.4 + 0.5)29.4 + 0.8 
Deciduomata 4 (36.4 + 1.2)19.6 + 0.9)15.7 + 0.2/28.2 + 0.6 
“ (sham)t t (36.7 + 1.0/17.9 + 0.8/14.2 + 0.4)31.1 + 0.5 
= 
Mean... .|38.1 17.9 114.6 29.2 
Liver 
Castrate 19 [33.8 + 0.5/19.6 + 0.5/17.7 + 0.328.8 + 0.4 
Estrogen. 19 |35.6 + 0.8]/19.9 + 0.4/17.7 + 0.526.8 + 0.5 
Deciduomata 6 |36.6 + 0.8)21.1 + ——. + 0.8)26.9 + 0.6 
(sham) t 4 it + 1.1/18.1 + 0.2/16.8 + 0.6127.8 + 0.7 
| | 
— | ol = - 
TEER ee (35.3 19.7 17.3 27.8 
| ' 
Spleen 
: l 
Castrate..... 24 \36.6 + 0.616.6 + 0.2\16.4 + 0.3)29.9 + 0.5 
Estrogen... . 22 37.8 + 0.7)/17.7 + 0.7/16.3 + 0.9)/28.1 + 0.9 
Deciduomata (sham) Tt 14 37.5 + 1.2/7.1 + 0.6/16.2 + 0.6/29.3 + 1.0 
| | 
Mean.... , 37.3 7.1 16.3 29.8 


*+ the standard error. 
+ Uterus not traumatized. 


The analyses of the PNA obtained from human endometrial samples 
throughout the various phases of the menstrual cycle are recorded in Table 
II. All normal phases are represented. It can be seen that there is a 
gradual decrease in the guanine content and an increase in the adenine 
content of the endometrial PNA as the tissue passes from the proliferative 
to the late secretory and menstrual phases. Both the hyperplastic and 
decidual endometria show a higher content of guanine, whereas the per 
cent cytosine is low in hyperplasia and is elevated in term decidua. 
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The data obtained from a study of the rat tissues are presented in Tables 
IILandIV. Although Table ITI indicates constancy for the purine-pyrimi- 
dine content of the DNA obtained from the uteri of all four groups of rats, 
it also points out differences in the liver guanine and thymine of the DNA 
from the deciduomata (sham) compared to DNA from the castrate and 
estrogen groups. Similarly the thymine content of the spleen deciduomata 
(sham) DNA is significantly lower than either the castrate or estrogen DNA 
in that organ. 

The composition of the PNA obtained from the uteri, livers, and spleens 
of the four groups of rats is presented in Table IV. For spleen the composi- 
tion is constant within experimental error, but a number of significant dif- 
ferences exist in the uterine and liver PNA. In the uteri, the guanine 
level in the deciduomata is lower than in the castrate or estrogen group, 
The adenine content is higher in the deciduomata than in the estrogen 
uterus, the uracil content of the deciduomata (sham) is lower than in the 
deciduomata uterus, while the cytosine level is higher for the deciduomata 
(sham) than for the corresponding deciduomata value. 

In the liver the guanine content of the PNA is elevated in the decidu- 
omata (sham), the uracil content lower in the deciduomata, and the cyto- 
sine content elevated in the castrate. 


DISCUSSION 


It appears that certain steroid hormones, in the process of eliciting 
marked physiological responses by alteration in growth, cell type, and 
function in such a “target organ” as the uterus, also alter the composition 
of the nucleic acids prepared from this organ. In human endometrium 
no variation in the cytosine-thymine content of DNA was demonstrable 
- throughout the menstrual cycle (10), whereas variations in the PNA com- 
position do occur. There is an increase in the relative amount of adenine 
and a parallel decrease in the amount of guanine as the cycle passes from 
the proliferative to the late secretory and menstrual phases. 

In the experiments with rat tissues it is seen that steroid hormones are 
not only capable of eliciting gross morphological changes in the “target 
organ,” the uterus, but are capable of altering the composition of the 
nucleic acids of both the target organ and such non-target organs as the 
liver and spleen. 

It is interesting, in the light of recent reports (4-7) implying a constancy 
of DNA composition in the same species regardless of the tissue source, to 
point out that, even though similar composition for the DNA of various 
organs was found, differences in DNA composition in various tissues in the 
same animals also occurred. For example, Table III shows that in the 
estrogen animals the composition of uterus DNA is similar to that of liver 
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DNA; yet the thymine content of the spleen DNA is significantly lower 
than that of the liver DNA. A comparison of the means of the tissue 
composition obscures the differences which are apparent when comparisons 
are made on the basis of hormone régime. 

The interpretation of these results is not yet available. The changes in 
nucleic acid composition are no doubt related to the steroid hormone 
therapy, but it is evident that these studies involve a prolonged action of 
the steroids, and hence a large number of physiological and biochemical 
reactions may lie within the reaction, steroid hormone — nucleic acid 
synthesis. 


SUMMARY 


The action of the ovarian steroids on the composition of endometrial 
and uterine nucleic acids has been studied in human and rat tissues. The 
tissues were chosen with the purpose of evaluating representative morpho- 
logical phases of endometrial growth. Methods used for the preparation, 
hydrolysis, chromatography, and estimation of the purines and pyrimidines 
are discussed. The reproducibility of the techniques is described. 

In a study of the relative amounts of the bases in the PNA of human 
endometrium several significant variations appeared in the proportions of 
adenine and guanine in various phases of the menstrual cycle. 

Significant differences in the purine and pyrimidine content of both the 
DNA and PNA obtained from the uteri, livers, and spleens of rats main- 
tained on widely varying levels of the steroid sex hormones have been 
shown. 


The authors are indebted to Miss R. Ginsberg for able technical assist- 
ance, to the Schering Corporation for supplies of progesterone in sesame 
oil, and to Dr. E. Oppenheimer of Ciba Pharmaceutical Products, Inc., for 
supplies of a-estradiol dipropionate in sesame oil. 
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A POLAROGRAPHIC STUDY OF EVANS BLUE AND ITS 
COMBINATION WITH PLASMA PROTEINS* 


By GABOR MARKUS anv J. PERCY BAUMBERGER 


(From the Department of Physiology, Stanford University School of Medicine, 
Stanford, California) 


(Received for publication, June 22, 1953) 


The binding of T-1824 (Evans blue) with plasma has been extensively 
studied in the past by Allen and Orahovats (1) by means of the cellophane 
sorption method. Although this approach yielded excellent results, a sim- 
pler and more direct method seemed desirable. The basis for this new 
method is furnished by the observation, made in 1939,! that the free T-1824 
gives rise to a distinct polarographic reduction wave, whereas the protein- 
bound dye is completely inactive polarographically. (The combination of 
another azo dye, methyl orange, is different in some respects (2) and will 
be discussed later.) 


Methods and Materials 


Part of the work was carried out on the Heyrovsky-Shikata polarograph. 
When serial determinations were needed at a fixed applied voltage, a pol- 
arograph constructed in this laboratory was used. In this paper all vol- 
tages are referred to the saturated calomel half cell as zero. 

The dye used in the present study was obtained from the National Ani- 
line Division, Allied Chemical and Dye Corporation, New York. No at- 
tempt was made to eliminate the ‘“‘red component” of the dye. The dye 
was dried to constant weight and dissolved in a 1.12 per cent NaCl solu- 
tion. The plasma used was derived from rabbit blood freshly drawn by 
heart puncture. Since the polarographic oxygen wave extends over the 
voltage range used for the dye determination, it was first necessary to elimi- 
nate this gas from the solution. This was done by bubbling oxygen-free 
nitrogen or helium through the solution. When small amounts of plasma 
were used (0.1 ml. per 10 ml. of solution), the same procedure was applied. 
Solutions containing larger amounts of plasma tended to foam excessively 
under this treatment, and in such cases it was necessary to rotate the solu- 
tions in nitrogen-filled tonometers, and to change the gas phase several 
times until a minimal concentration of oxygen was reached. To increase 
the accuracy of the determinations, the current given by a dye-free blank 

* These studies were carried out under contract No. onr N-625137 between Stan- 


ford University and the Office of Naval Research. 
1J. P. Baumberger and J. E. Cox, unpublished experiments, 1939. 
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was always subtracted from the dye reading. (The low diffusion coefficient 
of the dye (mol. wt. = 960) renders the diffusion current (¢,) very smal] 
and consequently makes the residual current correction significant.) The 
test solutions were buffered to pH 6.8 with equal proportions of 0.1 m 
NazHPO, and 0.1 mM NaH2PO,. Plasma protein determinations were made 
with the Nessler method. All experiments were carried out at room tem- 
perature. 


EXPERIMENTAL 


Nature of Electrode Reaction—The polarographic wave of T-1824 at pH 
6.8 appears between —0.4 and —0.5 volts of applied voltage versus the 
saturated calomel half cell as anode. The wave results from the cathodic 
reduction of the initially fully oxidized dye. If the process is reversible 
and H ions are involved in the reaction, the following formulas, based on 
Heyrovsky (3), should apply. 

RT a 


m RT 
= —— ] i nem + 4 
T F n Z ; +> In {H ] + K (1) 





where = is the electrode potential, 7 is the current at any point on the wave, 
ig is the diffusion current, m is the number of H ions, and n the number of 
electrons taken up by 1 molecule of the substance in the course of the re- 
action. 

If m = n, then for the half wave potential 


am} = K’ — 0.059 pH (2) 


Fig. 1 shows 7; as a function of pH. The slope of the line 2;/pH is 
0.062, slightly deviating from the theoretical value. Since this slope stays 
constant up to very high pH values, the dissociation constant of the group 
’ involved in the oxidation-reduction process must be negligible (4). Around 
pH 10, the dye turns from blue to purple. This color change can be re- 
versed by lowering the pH. 

In order to obtain the value of n for any particular electrode process at 
constant pH, log (z/(t2 — 7)) is plotted against the electrode potential, 
x2 If the reaction is described by Equation 1, the plot should be a straight 
line with a reciprocal slope of 2.303 RT/nF, from which n can be evaluated. 
If the plot is not a straight line, the process is not entirely reversible. In 
the present case, a curve is obtained (Fig. 2). Since the chances of revers- 
ibility are best when oxidant and reductant are at equal concentrations, 
i.e. at the half wave potential, n can be obtained by evaluating the slope 
of the tangent to the curve at this point. The reciprocal slope of the tan- 


2 In calculating 7, the experimentally determined 7R factor was subtracted from 
the applied voltage. 
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gent is 0.0148, which corresponds exactly to the expected 2.303 RT/nF for 
n= 4. It should be noted that in certain cases, and especially in the pres- 
ence of yeast, the dye shows a distinct anodic oxidation wave which goes 
over smoothly into the much larger cathodic wave. It is possible that the 
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Fig. 1. pH-dependence of the half wave potential 


yeast reduces part of the dye, which is then oxidized by the anode. This 
point needs further research. 

The present study indicates that the electrode reaction consists of the 
reduction of the two azo groups of the dye. This is supported by the fact 
that half wave potentials at different pH values fall in the same region with 
those of other azo compounds studied by Shikata and Tachi (5). In ac- 


word with their findings, the electrode reaction could be expressed by the 
following process, 


2R-N=N-R + 4H* + 4e = 2R-HN—NH-R 














EVANS BLUE 
Reduction of the dye with nascent hydrogen yields a faintly pink solution 
which is polarographically inactive. 
Combination of T-1824 with Plasma Proteins—T-1824, like most polaro- 
graphically active substances, follows the Ilkovic equation; 7.e., the diffu- 
sion current (iz) is a linear function of the concentration. In the following 
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Fig. 2. Log (i/(ta@ — ¢)) as a function of the electrode potential. For explana- 
tion, see the text. 


experiments, polarographic measurements were always made at the plateau 
of the dye wave (—0.7 volt). Since the position of this plateau on the volt- 
age axis is stable at constant pH, changes in the current were always at- 
tributed to changes in the concentration of free dye. 

When increasing quantities of rabbit plasma are added to solutions con- 
taining a constant amount of dye, the polarographic dye wave progressively 
decreases and at a certain plasma concentration completely disappears. 
At this plasma concentration, the current-voltage curve represents only the 
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residual current, no dye wave being visible. From this it is evident that 
it is only the free dye that gives rise to the wave. This makes the method 
applicable to studies of the dye-protein equilibrium. If the fraction of 
total dye combined is plotted against the amount of plasma protein pres- 
ent in the solution, a sigmoid curve is obtained (Fig. 3). (The plasma pro- 
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Fig. 3. Fraction of total dve combined as a function of plasma protein concen- 
tration. The total T-1824 concentration in each sample was 10 mg. per 100 ml. 
@ and O represent two different tests on the same samples. @ indicates an experi- 
ment performed under the same conditions but with new samples. 


tein concentration, 25 mg. per 100 ml., at which all the dye was taken up 
by the plasma proteins is not pictured on the graph.) 

If the reverse experiment is carried out, 7.e. increasing amounts of dye 
are added to a constant concentration of rabbit plasma, the beginning of 
the plot is an upward curve, which continues into a straight line (Fig. 4, 
A). Where the curve straightens out, complete saturation of the protein 
has occurred, and further additions of the dye result in a linear increase of 
the polarographic T-1824 plateau. By referring the current readings to a 
calibration curve of the free dye, the concentration of free dye in each sam- 
ple can be estimated. If the total amount of dye is known, the bound dye 
can be calculated and an equilibrium curve can be constructed for any con- 
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stant plasma concentration (Fig. 4, B). Instead of using a separate cali. 
bration curve, it is preferable to use the straight portion of a plot, like the 
one on Fig. 4, A, as the calibration curve for a particular experiment. This 
is accomplished by displacing the linear portion of the curve so that the 
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Fig. 4, A. Current as a function of total dye concentration. The solid line goix 
through the origin is the derived calibration curve. Projections from points a ani 
b to the z axis indicate the concentrations of free dye for the last two determination 

Fig. 4, B. Relation of combined to total dye. The concentration of plasma pro 
tein in this experiment was 2.65 mg. per 100 ml. in each sample. 


extrapolated line goes through the origin and regarding this as the calibri- 
tion curve. This procedure takes into account the viscosity effect of the 
protein in the sample which tends to reduce the slope of the current-dyt 
concentration plot. 

Stricks and Kolthoff (2), working with methyl orange, found that add: 
tion of increasing quantities of serum albumin to a methyl orange solutia 
decreased i; up to a certain value, which remained constant in spite d 
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further additions of albumin. They concluded that the diffusion current 
obtained under such circumstances was that of the protein-bound dye, 
which has assumed the diffusion coefficient of the albumin. The two azo 
dyes, T-1824 and methy] orange, therefore behave very differently with re- 
spect to the availability of the azo groups for electron exchange with the 
electrode. The difference may well be ascribed to the different position of 
the dyes on the protein molecule. T-1824 has four sulfonic groups with 
strong acidic properties and will be closely bound to the basic groups of the 
protein, while methyl orange, with but one terminal sulfonic group, will 
be held much less firmly and probably in an exposed position, where it may 
readily react with the electrode surface. 

The method described is at present used in this laboratory to study the 


combination of T-1824 and other polarographically active substances with 
different kinds of protein. 


SUMMARY 


The present study indicates that the azo dye T-1824 is readily reducible 
at the dropping mercury cathode. The reaction consists of the reduction 
of the two azo groups to hydrazo groups. The half wave potential shifts 
to more negative values as the pH increases. 

The observation that the protein-bound T-1824 does not give rise to a 
polarographic wave furnishes the basis for a new approach to the study of 
the protein-dye equilibrium. An outline of this method is given. 
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FACTORS AFFECTING THE ACTIVITY OF MITOCHONDRIAL 
AND SOLUBLE ACONITASE* 
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Considerable information on the intracellular localization of enzymes 
has been obtained in recent years through the technique of differential cen- 
trifugation of sucrose homogenates of tissues and subsequent testing of the 
fractions for enzyme activity. One of the results of this work has been the 
demonstration that rat liver mitochondria (Mw) are capable of completely 
oxidizing a wide variety of substrates by way of the reactions of the tri- 
carboxylic acid cycle (1). Consequently, mitochondria should contain an 
active aconitase. This supposition has been verified. The aconitase as- 
sociated with mitochondria is released into solution after freezing and 
thawing. It therefore became possible to compare the properties of the 
particulate-bound enzyme with its released (soluble) counterpart.’ 

A number of interesting points have been brought out by this compari- 
sn. Some factor, presumably the mitochondrial membrane, is responsible 
for a difference between the pH optimum of the particulate aconitase and 
that of the soluble enzyme. It has also been observed that appreciable 
amounts of aconitate (AA) are retained within the particle in the conver- 
sion of isocitrate (ICA) to citrate (CA). 

These differences in the activity of mitochondrial aconitase, which prob- 
ably are not directly related to the properties of the protein itself, point up 
the necessity of considering permeability factors in the measurement of 
particle-bound enzymes. Thus the data on the intracellular distribution 
of aconitase have been found to be markedly affected by the pH of the as- 
sy medium. The results invalidate the assumption that the physical 
environment of an enzyme has no effect on its relative activity under vary- 
ing assay conditions. 


Methods and Materials 


Substrates—cis-Aconitic anhydride was prepared from trans-aconitic acid 
by the procedure of Malachowski and Maslowski (2). It was recrystallized 

*Supported in part by a research grant from the United States Public Health 
Service. 

1The solubility status of the mitochondria-bound aconitase is not known. It is 
not soluble in the usual sense of this term. In this paper, therefore, the enzyme re- 
leased from mitochondria by freezing and thawing will be termed the soluble enzyme, 
48 distinguished from the mitochondria- or particulate-bound enzyme. 
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from benzene, m.p.77°. dl-Isocitric lactone was synthesized by the proce. 
dure of Kato and Dickman (3), m.p. 160—161°, and was converted to free 
isocitrate by the procedure of Krebs and Eggleston (4). The a-, 8-, and . 
monomethy] esters? of cis-aconitic acid were synthesized by the procedure 
of Malachowski et al. (5). 

Analytical Methods—Citric acid was determined by the procedure ¢ 
Dickman and Cloutier (6), except that HPO; was used as the deprotein. 
izing agent (7). 0.2 ml. of KMnO, was required in the oxidation of solv. 
tions which contained sucrose, and 0.4 ml. was required by solutions which 
contained both sucrose and aconitate. 

Aconitic acid was determined by the method of Dickman (8). Sing 
tissue extracts commonly reduce KMnO, to a slight degree, inactive en- 
zyme controls were routinely run by the addition of HPO; to the substrate 
solution before the addition of enzyme. The absorbancy of this solution 
at 530 my was used in the calculation of the aconitate formed by the active 
enzyme. 

Differential Centrifugation of Rat Liver Homogenates—Adult rats, 200 
300 gm. (Sprague-Dawley), were decapitated. The livers were immed: 
ately placed in cold 0.25 m sucrose, cut into small pieces, and stirred fora 
few minutes in cold sucrose, then drained and homogenized in cold 0.5 
M sucrose in 2 gm. portions. Differential centrifugation followed the pro- 
cedure of Schneider and Hogeboom (9), except that the small particle frac. 
tion was centrifuged for 15 minutes at 21,000 X g. 

The fluffy layer above the mitochondria was removed with a side hok 
pipette and added to the supernatant solution.’ Each fraction was washed 
twice with the sucrose solution. 

Release of Mitochondrial Aconitase—The aconitase associated with th 
mitochondria could not be removed by repeated washings with cold 0.2 
M sucrose. The enzyme could be separated from the particles, however, 
by freezing and thawing. Mitochondrial suspensions in 0.25 m sucrose wer 
frozen and thawed, then centrifuged at 21,000 x g for 30 minutes at * 
The clear, faintly yellow supernatant solution contained an active aconi- 
tase (Soly). It was found that the time of freezing influenced the amount 
of aconitase which was released. Less aconitase became soluble when mi- 
tochondria were frozen and thawed three times in 2 hours than when they 
remained at —20° for 2 to 10 days before thawing. 


Results 


Measurement of Aconitase Activity—Since mitochondria are capable d 
the complete oxidation of tricarboxylic acids under aerobic conditions, 


* These compounds were synthesized by H. P. Kato. 
* Recknagel, R. O., personal communication. 
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proce. aconitase assays were routinely carried out in evacuated Thunberg tubes. 
to free In order to avoid disintegration of Mw during the incubation, the assay 
and y. medium was adjusted to an isotonic concentration with sucrose solution. 
edures Each tube contained 1.2 ml. of 0.1  dl-isocitrate, citrate, or aconitate, pH 

7.2, 0.6 ml. of 0.25 m sucrose, and 0.7 ml. of water. 0.5 ml. of the enzyme 
lure of preparation in sucrose was placed in the cap. The tubes were incubated 


rotein- for 10 minutes at 30°, and the reaction was stopped by the addition of 0.5 
f solu. ml. of fresh 30 per cent HPO;. The precipitate was removed by centrifu- 
; which gation and analyses were carried out on aliquots of the supernatant solu- 
tion. Unless otherwise specified, these standard conditions were main- 
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Fig. 2. Relative activities of mitochondrial and soluble aconitase with different 


vith the substrates. Assay conditions described in the text. 

old 0.2 

lowevel, tained in all aconitase assays. Fig. 1 demonstrates that aconitase activity 
ose Welt of either soluble or particulate preparations can be quantitatively deter- 
es at FF. mined by estimation of aconitate or citrate formation from dl-isocitrate. 
e aco: It is also possible to measure aconitate formation from citrate (Curve V) 
amount or citrate formation from aconitate (Curve IT). 

vhen mi Relative Activities of Mitochondrial and Soluble Aconitase in Tricarboxylic 


nen they Acid Interconversions—A fresh mitochondrial suspension in 0.25 m sucrose 
was tested for aconitase activity. A portion of the suspension was stored 
at —20° for 10 days, then thawed and centrifuged, and a comparison of the 
activities of the two preparations with all three substrates was made. As 
pable df shown in Fig. 2, both the mitochondrial and soluble aconitase formed more 
ndition,— AA from ICA than from CA. Similar data, obtained with a soluble aconi- 
tase, have been reported by Racker (10). 

In the one-step reactions, ICA — AA and CA — AA, a marked increase 
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In the ICA > 


CA conversion, a two-step reaction, the soluble enzyme was less active 


in total activity was observed on release of the enzyme. 


than the mitochondria from which it was derived. Any activators re- 
leased from the mitochondria should have affected the soluble enzyme in a 
consistent manner. It therefore appeared that the anomalous results cited 
above were related to the properties of the mitochondria themselves, which 
in turn were affecting the activity of the bound aconitase. The fact that 
mitochondria were more efficient than the soluble enzyme in the two-step 
reaction raised the possibility that the aconitate formed from ICA was 
being held within the membrane, thus effectively raising the substrate con- 
centration in the subsequent reaction to citrate. 

A suspension of intact mitochondria was incubated with ICA in isotonic 
media in two separate tubes. At the end of 10 minutes each tube was chilled 


TABLE | 
Retention of Aconitate by Intact Mitochondria 


Mitochondria were incubated for 10 minutes in isotonic solution containing 0.04 
M dl-isocitrate, pH 7.2. Further manipulations are described in the text. 





Aconitate per 3.5 ml. 
Treatment of mitochondria 
Experiment 1 


Experiment 2 Experiment 3 





uM uM uM 
a SET SPD 0.57 2.00 0.76 
SE Se eer eee 1.00 2.85 1.02 








and centrifuged at 0° for 5 minutes at 18,000 & g. An aliquot of the super- 
natant solution from one tube was added to one-sixth volume of 30 per 
cent HPO;. The entire contents of the other tube were well mixed with a 
plunger and one-sixth volume of 30 per cent HPO; was added. Both tubes 
were centrifuged and the aliquots analyzed for AA. Table I includes the 
results of three experiments. The data show that mitochondria disrupted 
with HPO; released more AA into the solution than was present in the 
supernatant solution from which the mitochondria had previously been re- 
moved. This result is consistent with the explanation given above. 
pH-Activity Curves of Mitochondrial and Soluble Aconitase—Recent data 
(11, 12) indicate that mitochondria are organized systems surrounded by 
a membrane. It is also known that the permeability of semipermeable 
membranes is markedly affected by pH (13). Mitochondria were sus- 
pended in isotonic solutions of varying pH values and their aconitase ac- 
tivities were determined. Similar determinations were carried out with 
the released aconitase. As shown in Fig. 3, a biphasic activity curve was 
obtained with mitochondria. At pH 5.8 they converted more ICA to AA 
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than at pH 7.3. Similarly the conversion of ICA to CA shows a peak at 
pH 5.8, although it is lower than at pH 7.3. In contrast to these curves, 
the soluble enzyme has very low activity at pH 5.8, and its activity at pH 
7.3 is about 8 times as great as at the more acid pH. 

These differences in activity of the soluble and particulate aconitase as 
influenced by pH may be ascribed to (1) the physical state of the enzyme 
altering its pH optimum or to (2) the permeability of the mitochondrial 
membrane affecting the amount of substrate which comes in contact with 
the enzyme. While the pH optimum of a number of soluble enzymes is 
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known to be affected by such factors as ionic strength, type of buffer, or 
specific substrate, we are unaware of any work which indicates that physi- 
cal status per se influences this property. 

It therefore seems probable that the mitochondrial membrane is more 
permeable to ICA at pH 5.8 than at pH 7.3. The results with the mito- 
chondria also suggest that the higher AA:CA ratio at pH 5.8 compared to 
that at pH 7.3 is due to slower diffusion of the aconitate which is formed 
in the reaction at the latter pH. 

Inhibition of Aconitase by o-Phenanthroline and Reactivation by Ferrous 
Tons—When aconitase from heart muscle was incubated with a ,a’-bipyridy] 
or o-phenanthroline, an inhibition of the AA — CA reaction was observed. 
This inhibition could be reversed by the addition of ferrous ions (6). Simi- 
lar experiments have been carried out with liver mitochondria and the 
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soluble aconitase derived from them. The data of representative experi- 
ments are shown in Fig. 4. Aconitase was inhibited by o-phenanthroline 
whether the enzyme was associated with intact mitochondria or was in 
solution. Partial reactivations of inhibited aconitase are demonstrated in 
both the ICA — AA and CA — AA reactions as well as the stabilizing 
effect of Fe++ plus ascorbate on the uninhibited enzyme. The data are 
consistent with the view that aconitase is a single entity. On the other 
hand, the possibility that aconitase consists of two proteins, each activated 
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Fig. 4. Inhibition of mitochondrial and soluble aconitase by o-phenanthroline 


Sol 
and reactivation by Fe** and ascorbate. A, CA——— AA; B, CA amp AA; C, 


Sol Mw 
ICA ——— AA; D, ICA ———> AA. Curve 1, aconitase brought to 10-* m Fet+ 


and 10-* m ascorbate at 8 hours; Curve 2, aconitase, no additions; Curve 3, aconitase 
incubated with o-phenanthroline, 10-4 m, then brought to 10-* m Fe** and 10°? uw 
ascorbate at 8 hours; Curve 4, aconitase incubated with o-phenanthroline, 10-‘ 
m. All aconitase solutions contained 0.25 m sucrose. Aconitase activities were 
. determined at pH 7.2 after 8 hours and 32 hours at 5°. 


by Fet*, is not excluded by these results. These results confirm and ex- 
tend the previous data obtained with aconitase from heart. 

Intracellular Distribution—The aconitase activities of the various intra- 
cellular fractions with 0.04 m ICA as substrate are set out in Table II. At 
pH 7.3 the bulk of the activity was found in the soluble fraction. 

When the aconitase activity of the homogenate and various intracellular 
fractions was determined at pH 5.8, a significantly different distribution 
of activities was found (Table II, third and fourth columns). At pH 58 
the mitochondrial fraction exhibited a higher percentage of the total aconi- 
tase activity than did the supernatant fraction. It is obvious from the 
data of Fig. 3 that, if the ICA — CA reaction at pH 5.8 or pH 7.3 had been 
used as the criterion of aconitase activity, still other distributions of ac- 
tivity would have been found. The data on the intracellular distribution 
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of aconitase are therefore dependent on the conditions of the assay. This 
conclusion may also apply to other enzymes. 

Substrate Specificity of Aconitase—The three isomeric monomethy] esters 
of cis-aconitate were tested as aconitase substrates with a soluble enzyme. 
The KMnQ, reaction was utilized to determine whether a decrease in the 
concentration of unsaturated material had occurred. No evidence of a 
reaction was found. The esters also appeared to be inert as inhibitors of 
the enzyme. When equal concentrations of each ester and AA were in- 
cubated with aconitase, the amount of citrate formed was the same in all 
tubes. These results demonstrate that all three carboxyl groups must be 
free in cis-aconitate for the hydration reaction to occur. 


TaBLe II 
Intracellular Distribution of Aconitase 


Assays were run under standard conditions with dl-isocitrate substrate. Solu- 
tions were adjusted to pH 7.3 or 5.8 with n HCl. 
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eas ia uM qj per cent uM | per cent 
II 055 5s ssblenie teagan 40 100 15 100 
EN inc nv ps5 ahe6 od Ue 3.2 8 3.2 14 
Mitochondria.................. 6.5 16 7 45 
DS Stes a. oy Oe 0.6 1.4 0 0 
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DISCUSSION 


The effects of the mitochondrial membrane on the activity of particulate 
enzymes are gradually becoming recognized. Lehninger (14) has found 
that the rate of oxidation of reduced coenzyme I by rat liver mitochondria 
is strongly influenced by the pretreatment of the particles. He interpreted 
the results in terms of permeability effects. Similarly, Schneider et al. 
(15) observed that the medium in which liver is homogenized profoundly 
affects both the activity of cytochrome c and retention of cytochrome c 
in the mitochondria. Whether these results have a direct connection with 
the “exogenous” and “endogenous” cytochrome c activity of succinoxidase 
preparations reported by Keilin and Hartree (16), Tsou (17), and Slater 
(18) is not clear at present. Berthet et al. (19) have found that the acid 
phosphatase of mitochondria is inactive toward glycerophosphate until the 
particles are disrupted. They suggested that the mitochondrial membrane 
prevented contact of substrate and enzyme. Crane and Lipmann (20) re- 
cently reported that mitochondrial inorganic phosphate exchanged more 
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slowly with that in the medium than did adenosinetriphosphate. They 
postulated that a diffusion barrier to inorganic phosphate was present in 
the mitochondria. 

The effect of pH on the activity of particulate enzymes has received little 
attention to date. Huennekens (21) has reported that the pH optimum 
of the malic dehydrogenase of the cyclophorase preparation was in the 
range pH 7 to 8, while that of the soluble enzyme was approximately pH 
9.5. The separation of aconitase from mitochondria provides clear cut 
evidence that the disruption of the mitochondrial structure releases an 
enzyme with a different pH-activity spectrum from that of the intact par- 
ticles. The pH optima of other soluble enzymes may be quite different 
from that found when the enzyme is enclosed within a semipermeable mem- 
brane. Another question concerns the physical status of mitochondria- 
bound enzymes; 7.e., are they present in solution inside the mitochondria 
or are they present as part of an organized, insoluble matrix? The data 
are at present insufficient to decide between these alternatives. 

These results make the interpretation of intracellular enzyme distribu- 
tion studies more difficult. With aconitase, and probably with other en- 
zymes as well, the relative activity of the various fractions is in large part 
determined by the assay conditions. When an enzyme activity is found 
to be present in more than one fraction of a homogenate, it may be neces- 
sary to obtain complete release of the particulate-bound enzyme into solu- 
tion. If this is accomplished, variations in membrane permeability due to 
pH or other factors will not influence the activity of the enzyme under 
investigation and thus affect the calculation of intracellular enzyme dis- 
tribution. 


SUMMARY 


Aconitase has been prepared from mitochondria by freezing and thawing. 
The soluble aconitase is more active than the mitochondrial enzyme in the 
isocitrate-aconitate and citrate-aconitate reactions, but mitochondrial 
aconitase is more active in the isocitrate-citrate transformation. Soluble 
aconitase showed an optimum at pH 7.3 but mitochondrial aconitase 
showed optima at pH 5.8 and 7.3. 

The isocitrate-aconitate and citrate-aconitate reactions of both soluble 
and mitochondrial aconitase were inhibited by o-phenanthroline and reac- 
tivated by ferrous ions plus ascorbate. 

Mitochondria incubated with isocitrate retain aconitate. 

The data on the intracellular distribution of aconitase were markedly 
affected by the conditions of the assay. 

The three monomethyl esters of aconitate function neither as substrates 
nor as inhibitors of aconitase. 
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ENZYMATIC FRACTIONATION OF ADENOSINE 
PYROPHOSPHATES IN HUMAN BLOOD* 


By BRUCE MACKLER, PETER FORIS, anp GEORGE M. GUEST 


(From the Children’s Hospital Research Foundation and the Department of Pediatrics, 
University of Cincinnati, Cincinnati, Ohio) 


(Received for publication, July 17, 1953) 


The experiments presented here were designed to study the distribution 
of organic pyrophosphates in blood. Concentrations of the various organic 
pyrophosphates were determined by measuring the inorganic P released 
from the compounds by the action of enzymes of known specificity. The 
organic pyrophosphate fraction was also determined by the Lohmann 
method of acid hydrolysis. The results obtained by acid hydrolysis were 
compared with those obtained by enzymatic analysis. 


Preparation of Enzymes and Methods 


Potato apyrase was prepared by the method of Krishnan (1). The 
‘insoluble fraction” of the preparation was lyophilized and stored at 5° 
without loss of activity. The enzyme preparation was free of inorganic 
pyrophosphatase, phosphatase, and 5-nucleotidase activity. In control 
experiments the apyrase liberated the theoretical amounts of inorganic P 
from adenosinetriphosphate (ATP) and adenosinediphosphate (ADP). 

Yeast hexokinase was prepared by the method of Berger, Slein, Colowick, 
and Cori (2). After purification was carried to Step 3 (a), the enzyme 
was lyophilized and stored at 5°. The preparation was free of phosphatase, 
pyrophosphatase, and phosphohexokinase activity, but did contain an ap- 
preciable amount of phosphohexose isomerase. 

Myokinase was prepared by the method of Kalckar (3). The enzyme 
was stored at 5° as the moist (NH,).SO, precipitate and was free of phos- 
phatase activity. Glutathione was added to each freshly prepared enzyme 
solution before use. 

5-Adenylic acid deaminase was prepared by the method of Kalckar (4) 
and was free of phosphatase activity. 

The 5-nucleotidase was a commercial preparation of dried water-moc- 
casin snake venom. It was free of phosphatase activity. ATP was ob- 
tained from the Sigma Chemical Company as the barium salt. The 
barium was removed before use by precipitation with NaSOx. 


* Aided in part by a grant from the Nutrition Foundation, Inc. 
Presented in part at the Forty-third annual meeting of the American Society of 
Biological Chemists at New York (1952). 
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Inorganic P was determined by the Fiske-Subbarow method (5) and by 
a modification of the method of Martin and Doty (6), with the Beckman 
model DU spectrophotometer. 


EXPERIMENTAL 


Preparation of Blood Filtrates—3 cc. of whole blood were pipetted with 
constant agitation into a centrifuge tube containing 6 cc. of cold 10 per cent 
perchloric acid. The suspension was placed in an ice bath for 10 minutes 
and then centrifuged. The supernatant fluid was carefully decanted into 
another centrifuge tube and placed in the ice bath. The precipitate was 
washed with 3 ce. of cold perchloric acid, the suspension centrifuged, and 
the supernatant fluids were combined and iced. After the addition of | 
drop of phenolphthalein to the filtrate 5 n KOH was added slowly with 
agitation until a permanent pink color was reached. The tube was iced 
for 10 minutes, then centrifuged, and the supernatant fluid was removed 
and iced. The precipitate was washed with 1 cc. of cold 1 Mm KCl, and 
after centrifugation the supernatant fluids were combined, adjusted to pH 
7.5 with 0.1 n HCl, and diluted to 15 ec. with cold distilled water. 

Method of Assay—1 cc. aliquots of blood filtrate were incubated with 
combinations of enzymes to determine (a) total apyrase labile P; ( 
apyrase labile P after preliminary incubation with hexokinase; (c) apyras 
labile P after preliminary incubation with hexokinase, myokinase, and 
5-adenylic deaminase; (d) apyrase-nucleotidase labile P. 

The reactions in equation form are as follows: 


apyrase + Catt 


(1) At - —— AMP! + 2 inorganic P 
apyras Ca** 
(2) i SS Ss eee + end ¥ 
hexokins Mg*t* 
(3) ATP + glucose — -— or, ADP + glucose-6-PO, 
myokinase ‘ 
(4) 2ADP ————— ATP + AMP 


It thus follows that (a) — (b) = one-half of the apyrase labile P present 
as ATP. Therefore |(a) — 2((a) — (b))] = the apyrase labile P present a 
ADP if ATP and ADP are the only compounds in blood containing apyrase 
labile P. Since (c) = apyrase labile P from compounds other than ATP 
and ADP, the apyrase labile P present as ADP = |(a) — 2((a) — (0) 
— (c)]. Apyrase and 5-nucleotidase together (d) liberate all the organit 
P from ATP and related compounds. 

Table I shows the composition of the four assay systems and their con- 


' AMP = adenosinemonophosphate. 
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trols. The assays were performed in duplicate. Results of control ex- 
periments performed with and without adenylic deaminase, with a large 
excess of myokinase, showed that the addition of the deaminase did not 
increase the efficiency of the reaction, which was approximately 93 per cent 
complete. 0.05 m succinate buffer, pH 6.05, was used in experiments in 
which deaminase was added; otherwise, 0.05 m Veronal or histidine buffers 
of pH 7.5 were used. Results of control experiments showed that all reac- 
tions (except that of adenylic deaminase) went to completion at both levels 


of pH. 


TABLE I 


Composition of Assay Systems for Determination of Adenosine Pyrophosphates 


1 


| 3/8 | 3 

Determination Z 3 3 . 5 4 Pa = E | 3 

2 = Pa + © = - & > oa 

Total apyrase labile P 1 | + —{|—|— 4 | + | = 
(1) — (2+ 3) 2,-|- —~|—-|+/14+ 1+ |= 
3)/4+);-—-}/—-};/-!'-);-|;-) - - |- 

Apyrase labile P after hexo-| 1 | +/+)/+);-)>-—-> +/)+/4t/4f] - 
kinase 2)-|}+)+)-)/-|4+)+/)4t}4t]- 
(1) — (2) — (8 — 4) S41 + ie bm el Sh po ke 
A = be ee lm Del eel = 

Apyrase labile P after hexo-| 1 | +) +/+/)+/)+)/+/)+)/)4f/4t!/ - 
kinase, myokinase, and| 2!/—|}+/+{/+;)+/)+)+)])4t/4ft|- 
deaminase Sit} ti +i] +i¢3;4+¢i4¢};-J- [- 
(1) — (2) — (3 — 4) 4)/—-!+)/ 4+) 4+iti4+i¢i- }/-]- 
Apyrase-nucleotidase labile P 15> +, -—- > -—-,;-—- -—- —(/+)4 re 4 
(l) - (2) 2}-|-|-|-|-|-|+]/+ |+ |4 


* Glutathione added to enzyme solution. 
t Added after 45 minutes of incubation. 


The incubations were performed at 30° for 45 minutes. In determina- 
tions (b) and (c) (Table I) apyrase and Ca++ were added at the end of 45 
minutes and the incubations continued an additional 45 minutes. At the 
end of the incubation periods 2 ec. of 20 per cent trichloroacetic acid 
(TCA) were added, and the tubes were placed in an ice bath for 30 minutes 
before centrifugation. The supernatant fluid was removed, the precipi- 
tate washed with 1 ec. of 20 per cent TCA, and the tubes were centrifuged 
again. The supernatant fluids were combined and inorganic P was deter- 
mined. In control experiments the Fiske-Subbarow and Martin-Doty 
methods for the determination of inorganic P gave nearly identical results. 
In preliminary studies 95 per cent of the ATP added to whole blood was 
recovered. 
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Results 


The results of determinations on ten blood samples from normal human 
subjects are presented in Table II. In Experiments 1 to 8 the non-ATP 
fraction (Column 4, Table II) was determined with hexokinase and myokin. 
ase alone; in Experiments 9 and 10 adenylic acid deaminase was added to 
the incubation mixture for the determination of this fraction. 

The amount of apyrase labile phosphorus present as ATP was calculated 
by multiplying the decrease of apyrase labile phosphorus after incubation 


TaBLe II 
Concentrations of Adenosine Pyrophosphates in Human Blood 
Phosphorus concentration in mg. per cent. 

















Apyrase labile P Non-apyrase labile P yt 
| | Hemato- 
Sample No. \From ADP! p, -| Split by |Calculated it, 
—s yoy | identified | identified no ag } from (2) 7 min. | 10 min. | oul dels 
| fraction | fraction venom | and (3) | | 
aM} @} @ | @ 6) | ©) | 
——— —_— 7 —— Deeps = - = - a - —_ 
1 3.30 1.82] 1.48 | 1.40 | 2.50 | 2.39 45.5 
2 3.62 | 2.76 | 0.86 | 1.06 | 3.20 | 2.24 46.9 
3 2.94 | 2.12 0.82 | 0.65 1.75 1.88 | 48.2 
4 2.99 2.64) 0.35 | 0.71 1.85 1.67 | 2.37 | 2.95 | 42.7 
5 3.49 2.36) 1.13 | 0.86 | 2.45 2.31 | 2.85 | 3.42| 48.4 
6 4.07 | 3.30 | 0.77 | 0.55 1.83 | 2.42 | 3.78 | 4.12 | 50.0 
7 3.50 | 3.22 | 0.28 | 0.75 | 2.25 | 1.89 | 3.41 | 3.75 | 49.5 
8 3.71 | 2.98 0.73 | 0.81 2.00 | 2.22 | 3.55 | 45.1 
9 3.44 / 2.14) 1.30 | 1.14 | 45.5 
10 3.94! 3.00) 0.94 | 0.7 | 46.5 
Average ..| 3.50 2.63 0.87 | 0.87 | 2.23 | 2.13 | 46.8 





with hexokinase by a factor of 2. The total apyrase labile phosphorus was 
always more than could be accounted for as ATP. Since the non-ATP 
fraction (Table II, Column 3) failed to disappear after incubation with 
hexokinase and myokinase (Column 4), even after the addition of adenylic 
deaminase, an unidentified organic pyrophosphate may be present in blood 
filtrates in variable amounts. Although it appeared that ADP was not 
present in blood, small amounts may not have been detected, since control 
experiments showed the hexokinase-myokinase-adenylic deaminase system 
of reactions to be only 93 per cent complete. 

The ‘‘5-nucleotide phosphorus” (the non-apyrase labile phosphorus frae- 
tion of the organic pyrophosphates) was determined in eight experiments, 
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and its expected value was calculated for each blood sample from the ATP 
content and on the assumption that the non-ATP fraction (including the 
unidentified pyrophosphate) was a diphosphate. The results are shown in 
Columns 5 and 6 of Table II. Since some inorganic P is liberated under 
the experimental conditions from di- and triphosphopyridine nucleotides 
(which are present in blood in very small amounts), it was expected that 
the actual amount of P liberated would be slightly larger than the amount 
calculated. 

The validity of the classical Lohmann method was tested on five of the 
blood filtrates in which the apyrase labile P and the ATP concentrations 
were known. The time curve of hydrolysis with 1 Nn H»SO, at 100° was 
determined. No relationship was apparent between the 7 minute acid- 
hydrolyzable P and the ATP concentration, or the total apyrase labile P. 
The sharp change in the slope of the hydrolysis curve took place at the 10 
minute mark, as with pure solutions of ATP. The hydrolyzed P at this 
point corresponded to the total apyrase labile P. 1 N HCl did not give as 
satisfactory results as did 1 n H-SO,. 


DISCUSSION 


In recent years two methods (7, 8) have been published for the deter- 
mination of adenosine pyrophosphates by the action of specific enzymes. 
Both methods have been extensively used in experiments with isolated 
enzymes and enzyme systems, but they have rarely been utilized for 
the determination of adenosine pyrophosphates in physiological material. 
Both methods depend for accuracy on the purity of a standard used in 
control experiments for calibration. ATP cannot be used as a standard, 
since it decomposes upon standing and the best available commercial 
preparations may contain as much as 20 per cent of enzymatically unre- 
active material, even when the determinations of adenine and organic 
phosphorus contents indicate a purity of better than 95 per cent. In the 
method here reported, since the liberated phosphorus is the measure of 
the organic pyrophosphate content, the preparation of highly purified 
standards is not necessary. 

Albaum and coworkers (9) determined the adenosine pyrophosphates of 
blood samples drawn from normal human subjects. In addition they 
determined the ‘total adenine” content in the perchloric acid filtrate of the 
blood sample. They found that AMP, ADP, and ATP did not account 
for the total adenine content of the sample; furthermore the total adenine 
content of the blood did not vary much during several months of observa- 
tion, but the sum of AMP, ADP, and ATP was subject to large daily and 
seasonal variations. The results of their experiments agree with ours in 
that they found in blood a small and variable amount of ADP and traces 
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of AMP in the presence of ATP, which was by far the largest fraction 
present. 


SUMMARY 


Four enzyme systems were employed for parallel assays of organic pyro- 
phosphates in human blood: potato apyrase, yeast hexokinase, myokinase, 
and 5-adenylic acid deaminase. The data indicated that the organic pyro- 
phosphates were composed mainly of ATP, with small amounts of an un- 
identified fraction. Results of this fractionation were compared with those 
obtained by acid hydrolysis on the same filtrates. The total apyrase labile 
phosphorus corresponded most closely to the phosphorus hydrolyzed by | 
N H.SO, at 100° in 10 minutes (not the Lohmann 7 minute-hydrolyzable 
fraction). 
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THE ACCUMULATION OF XANTHOSINE BY A GUANINELESS 
MUTANT OF AEROBACTER AEROGENES* 


By BORIS MAGASANIK anp MARCUS 8. BROOKE 


(From the Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 21, 1953) 


The isolation of a guanine-requiring mutant of Aerobacter aerogenes was 
described in a previous paper from this laboratory (1). The mutant, strain 
P-14, which was obtained after ultraviolet irradiation of the prototroph, 
strain 1033, by the penicillin selection method of Davis (2), requires gua- 
nine, guanosine, guanylic acid, or 2,6-diaminopurine for growth. Adenine, 
hypoxanthine, xanthine, the corresponding ribosides and ribotides, or iso- 
guanine fails to support the growth of this mutant. Moreover, adenine 
and hypoxanthine strongly inhibit the growth of strain P-14, but do not 
affect the growth of the parent strain. 

It was observed that culture filtrates of strain P-14 strongly absorbed ul- 
traviolet light. The greatest ultraviolet extinction was noted in the filtrate 
of a culture of strain P-14 grown on 4 y per ml. of guanine, an amount suf- 
ficient for half maximal growth. The ultraviolet spectrum of the culture 
filtrates resembled that of xanthosine. 

The ultraviolet-absorbing substance was isolated from 1 liter of such a 
culture filtrate by adsorption onto a charcoal column and elution with aque- 
ous ethanol containing ammonium hydroxide. The eluate yielded 32.5 
mg. of the ultraviolet-absorbing material as colorless crystal needles. The 
yield, calculated on the basis of the ultraviolet extinction of the culture 
filtrate at 270 my, was 53 per cent. 

The ultraviolet absorption spectrum of the isolated material was almost 
identical with that of a commercial preparation of xanthosine; hydrolysis 
with N H.SO, changed the spectrum to one characteristic of xanthine (Table 
I). The identification of the isolated material with xanthosine was con- 
firmed by paper chromatography (Table II). The Rr values of the iso- 
lated material and of commercial xanthosine were identical in three solvent 
systems. Similarly, the Rr values of the ultraviolet-absorbing compound 
formed by the acid hydrolysis of the isolated material were identical with 
those of xanthine. Finally, a compound possessing the same PR, values as 
ribose could be demonstrated in the acid hydrolysate of the isolated ma- 


* This work has been supported in part by the William F. Milton Fund of Harvard 
University, by a grant from the United States Public Health Service, and by the 
Eugene Higgins Trust. 


83 


XUM 








84 ACCUMULATION OF XANTHOSINE 


terial. The composition of the isolated material was determined by the 
estimation of total nitrogen, pentose, and xanthine and was found to agree 
with that calculated for xanthosine (Table ITT). 

Strain P-14 appears to be the first bacterial mutant found to have 
specific requirement for guanine. Until now such mutants have been ob. 


TABLE | 
Ultraviolet Extinctions at pH 6.2 





Compound Maxima } Minima 


mu \eX10*| mp |eX 10%) mm lexim 


Product from P-14.............02... 275 | 8.1 | 250 | 9.8 | 265 | 7.3 
I ips «Chins bg v4p te ola aes .| 275 | 8.0 | 250 | 9.8 265 | 7.1 
Product from P-14, hydrolyzed......, 267.5, 10.6 | 240 | 3.7 


pe See eee one a ae 267.5) 9.8 | 240 3.0 


° > Nutritional Biochemicals Corporation. 


TaBLeE II 
Ry Values 
Solvent systems 
Compound 7 - () «) 
TWltre- | — m-Phenyl- Ultra- | m- Phen 
violet® | violet® pen a violet | pear 
Product from P-14................. ..| 0.63 | 0.20 0.15 | 
Xanthosinef. . ore eid Wa ite leh a 0.62 0.20 0.15 | 
Product from P-14, hydrolyzed... | 0.45 | 0.37 | 0.48 0.29 | 0.31 
Xanthinef. .. hare wees nervosa ct 0.36 | 0.29 | 
ee BAL eres | 0.49 0.33 
Solvent systems (a), (b), (6) are described i in the text. 
* Visible by inspection in ultraviolet light. 
{ Reacts with m-phenylenediamine. 
t Nutritional Biochemicals Corporation. 
Taste III 
Composition of Xanthosine Accumulated by Strain P-14 
Xanthosine Nitrogen Pentose Xanthine 


aloms per mole mole per mole mole per mole 


Theoretical . ia 4 1 l 
Product freon P- 14. Se eee 3.7 0.94 1.07 
Commercial (Nutrition: il Bioe shesnbonia) Pa aie 0.84 0.93 
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served only in the fungus Ophiostoma multiannulatum (3). The guanineless 
mutant P-14 can synthesize the purine ring, as shown by its accumulation 
of xanthosine, but is apparently unable to convert the purine it produces to 
nucleic acid guanine. The biosynthesis of purine derivatives in Escherichia 
coli, an organism closely related to A. aerogenes, proceeds via the ribotide 
of 4-amino-5-imidazolecarboxamide (4). The conversion of this com- 
pound to inosine-5-phosphate has been demonstrated in yeast and pigeon 
liver extracts (5, 6). Inosine-5-phosphate appears to be the precursor of 
both the adenine and the guanine of the bacterial nucleic acids. The ac- 
cumulation of xanthosine by strain P-14 suggests that inosinic acid is con- 
verted to nucleic acid guanine via a derivative of xanthine. However, 
xanthosine itself is not an intermediate in this conversion, since a non-ex- 
acting purineless strain, PD-1, derived from the same parent strain as the 
quanineless strain P-14, cannot grow on xanthosine, although it can grow 
on adenine, hypoxanthine, guanine, and the corresponding ribosides and 
ribotides, as well as on isoguanine and xanthine. The intermediate be- 
tween inosine-5-phosphate and nucleic acid guanine may be xanthosine-5- 
phosphate, which the guanineless mutant P-14 may be unable to convert to 
a derivative of guanine. The degradation of xanthosine-5-phosphate by 
phosphatase would lead to the accumulation of xanthosine. 


EXPERIMENTAL 


Materials—The isolation of the guanineless mutant, strain P-14, of A. 
aerogenes by ultraviolet irradiation of strain 1033 has been described pre- 
viously (1). The non-exacting purineless mutant PD-1 was obtained from 
the same parent strain by analogous procedures. The growth requirements 
of the mutants were determined as described (1). The purines, ribosides, 
and ribotides used were products of the Nutritional Biochemicals Corpora- 
tion, Cleveland, Ohio, with the exception of 2 ,6-diaminopurine, which was 
a product of the Kirshell Laboratories, Portland, Oregon, and of isogua- 
nine which was kindly given to us by Dr. Aaron Bendich of the Sloan- 
Kettering Institute for Cancer Research, New York. 

Culture Filtrate—Strain P-14 was grown in 1 liter of minimal medium 
containing glucose (1) enriched with 4 y per ml. of guanine, with shaking 
at 37° for 22 hours. The bacteria were removed by centrifugation and the 
accumulation of ultraviolet-absorbing material was estimated spectropho- 
tometrically. The spectrum of the fluid at pH 6.2 had maxima at 270 
mu (ZF = 5.25) and at 250 mu (EF = 6.05), and a minimum at 265 my (E£ 
= 5.05). 

Charcoal Chromatography—The culture filtrate was passed through a 
column consisting of equal parts of activated carbon (Darco, grade G-60) 
and of infusorial earth (Celite) 10 cm. long and 3 cm. in diameter. The 








86 ACCUMULATION OF XANTHOSINE 


outflowing liquid was free of ultraviolet-absorbing material. The colump 
was washed with water until the eluate was free of inorganic phosphate, 
The ultraviolet-absorbing material was eluted with an aqueous solution 
containing 25 per cent ethanol and 10 per cent concentrated ammonium 
hydroxide. Fractions 1 to 4 (total volume 20 ml.) did not absorb ultra. 
violet light. The entire ultraviolet-absorbing material, accounting fo 
90 per cent of the extinction of the culture filtrate at 250 my, was found jy 
Fractions 5 to 8 in a total volume of 27 ml. 

Tsolation—The pooled Fractions 5 to 8 of the eluate were concentrated 
in vacuo to a volume of approximately 7 ml. and chilled overnight. The 
gummy material which separated was removed by centrifugation, washed 
with several portions of hot water, and discarded; the supernatant fluid 
and the washings were evaporated to dryness in vacuo. Addition of a fey 
drops of water to the residue caused crystallization. The mixture was 
chilled, and the white crystalline material collected by centrifugation, 
washed with water, ethanol, and ether, and dried in vacuo over P.O; 
Yield, 32.5 mg. 

Identification As Xanthosine—A solution of the isolated material, con- 
taining 1 mg. per ml. of water, was prepared. To 1 ml. of this solution 
0.1 ml. of 10 N H.SO, was added, and the mixture was placed in a bomb 
tube and heated in a boiling water bath for 1 hour (7). The original solu. 
tion and the acid hydrolysate, as well as corresponding solutions of com- 
mercial xanthosine and xanthine, were diluted 1:100 and the pH adjusted 
to 6.2 with phosphate buffer. Their ultraviolet absorption spectra were 
determined in a Beckman quartz spectrophotometer (Table I). 

The Ry values of the isolated material, the products of its hydrolysis 
by acid, commercial xanthosine, xanthine, and ribose, were determined by 
ascending paper chromatography in three solvent systems: (a) 5 per cent 
aqueous KH»PO,, saturated with isoamyl alcohol (8); (b) n-butanol, di- 
ethylene glycol, and water, 3:1:1 (9); (c) the upper layer of a mixture of 
n-butanol, ethanol, and water, 4:1:5 (7). Solutions containing 1 mg. per 
ml. were applied to the paper with a wire loop. The acid hydrolysate was 
neutralized on the paper by exposure to ammonia vapor. The positions 
of the purines and their derivatives were located by inspection of the paper 
with an ultraviolet lamp (Mineralight). The position of reducing sugars 
on the chromatograms was located by spraying with m-phenylenediamine 
and heating. The pentoses give strong orange-yellow fluorescence when 
viewed under an ultraviolet lamp (10) (Table IT). 

The total nitrogen content of the isolated material was determined colori- 
metrically by a micro-Kjeldahl procedure, its pentose content by the orci- 
nol method (11) with p-ribose as the standard, and its xanthine content by 
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the extinction of the acid hydrolysate at pH 6.2 at 267.5 my, with com- 
merical xanthine as the standard (Table IIT). 


SUMMARY 


The ultraviolet-absorbing material found to accumulate in culture fluids 
of a guanineless mutant, P-14, of Aerobacler aerogenes was isolated and 
identified as xanthosine. The bearing of this observation on the biosyn- 
thesis of nucleic acid guanine in A. aerogenes is discussed. 


The authors are indebted to Miss Ruth Doniger for valuable assistance. 
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The existence of aldehyde and amine forms of vitamin Be, and the obser- 
vation that these compounds were interconvertible by means of non-en- 
zymatic transamination reactions (2) analogous to those previously re- 
ported to occur (3), led to the suggestion that interconversion between 
pyridoxal and pyridoxamine might be involved in the mechanism of en- 
zymatic transamination (2, 4). Studies on animals and microorganisms 
deficient in vitamin Bs (5-8) have given support to the concept that this 
vitamin is required for transamination. Furthermore it has been demon- 
strated that resolved transaminase preparations are activated by pyridoxal 
phosphate (9-14). However, experiments with purified pig heart glutamic- 
aspartic apotransaminase indicated that, although pyridoxal phosphate 
produced considerable activation, pyridoxamine phosphate under the same 
conditions did not (14). Although this finding cast some doubt on the 
original hypothesis, an alternative mechanism has not been advanced. On 
the other hand, the natural occurrence of pyridoxamine phosphate (15, 
16) and the demonstration of enzymatic transamination between pyridox- 
amine phosphate and a-keto acids yielding pyridoxal phosphate (17) sug- 
gest that pyridoxamine phosphate has a biological function. 

At the time of the earlier studies cited, only impure preparations of pyri- 
doxal and pyridoxamine phosphates were available. In the present inves- 
tigation, the pure crystalline phosphorylated derivatives of pyridoxal and 
pyridoxamine recently prepared in this Laboratory (18, 19)! were employed. 
This report describes studies demonstrating the equivalent effect of pyri- 
doxamine and pyridoxal phosphates in activating purified pig heart glu- 
tamic-aspartic apotransaminase. Data concerning the binding of coenzyme 
by the enzyme and the inhibitory effects of deoxypyridoxine phosphate and 
pyridoxine phosphate are also presented. 


EXPERIMENTAL 


The crystalline preparations of pyridoxal phosphate (2-methyl-3-hy- 
droxy-4-formyl-5-pyridylmethylphosphoric acid), pyridoxamine phosphate 


* A preliminary report of this work has appeared (1). 
‘Peterson, E. A., and Sober, H. A., J. Am. Chem. Soc., in press. 
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(2-methyl-3-hydroxy-4-aminomethyl-5-pyridylmethylphosphoric acid), de- 
oxypyridoxine phosphate (2 ,4-dimethyl-3-hydroxy-5-pyridylmethy]phos. 
phorie acid), and pyridoxine phosphate (2-methyl-3-hydroxy-4-hydroxy- 
methyl-5-pyridylphosphoric acid) previously described (19)! were employed, 

Purified glutamic-aspartic apotransaminase was prepared according to 
O’Kane and Gunsalus (12). The preparations were lyophilized and stored 
at 5°. Under these conditions, the enzyme activity decreased approvi- 
mately 10 per cent per month. The preparations were greater than 98 
per cent resolved, and exhibited purity indices, calculated according to 
Green, Leloir, and Nocito (10), which ranged from 0.025 to 0.047. In terms 
of dry weight, 50 y of these preparations were found to catalyze 80 to 130 
ul. of transamination per 10 minutes in the presence of optimal quantities 
of coenzyme. 

The assay procedure was similar to that employed by O’Kane and Gun- 
salus (12). Enzyme and coenzyme were incubated in 1.7 or 1.8 ec. of 0.05 
M potassium phosphate buffer (pH 7.5) at 37° in the main compartment of 
a Warburg vessel. After a given time interval, 100 um of sodium a-keto- 
glutarate and 200 um of sodium L-aspartate were added in 0.5 cc. froma 
side arm, and 10 minutes later a second side arm containing 0.5 ec. of ani- 
line-citrate (20) was tipped, and the resulting carbon dioxide was recorded 
manometrically. 


Results 


Activation of Apotransaminase by Pyridoxal Phosphate and by Pyridoxamine 
Phosphate 


Investigation of the conditions necessary for activation of the pig heart 
glutamic-aspartic apotransaminase led to the observation that preliminary 
incubation of enzyme with coenzyme prior to addition of substrates was 
required for maximal activity. O’Kane and Gunsalus (12) noted that 
simultaneous mixing of apotransaminase, pyridoxal phosphate, and sub- 
strate resulted in low activity and that considerable activation of the apo- 
transaminase could be achieved by preincubation of pyridoxal phosphate 
with the enzyme for 10 minutes. Using these conditions, Umbreit, O’ Kane, 
and Gunsalus (14) found that pyridoxal phosphate but not pyridoxamine 
phosphate activated the purified pig heart glutamic-aspartic apotransami- 
nase. The present findings are in general agreement with those of the 
previous workers in that we have also found that preincubation of the apo- 
transaminase and pyridoxal phosphate was necessary for maximal enzyme 
activity and that pyridoxamine phosphate did not produce appreciable ae- 
tivation when tested after a relatively short preincubation period. 

However, it was found that, when the apotransaminase and pyridoxa- 
mine phosphate were preincubated for longer periods, considerable activa- 
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tion was obtained. As described in Fig. 1, maximal activation with py- 
ridoxal phosphate was observed after 30 minutes of preincubation, and 
from 50 to 85 per cent of the maximal activity was obtained after 5 minutes 
of preincubation, depending upon the concentration of coenzyme employed. 
On the other hand a preincubation period of 60 to 90 minutes was required 
for maximal activation with pyridoxamine phosphate, and only 17 to 25 
per cent of the maximal value was observed with 5 minutes of preincuba- 
tion. Furthermore, after suitable preincubation, pyridoxal phosphate and 
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Fig. 1. Effect of preincubation of enzyme with coenzyme on enzyme activity. 
Enzyme (100 y) and coenzyme were incubated in 1.8 cc. of 0.05 M potassium phos- 
phate buffer (pH 7.5) for the indicated periods, followed by addition of the sub- 
strates. The values for transaminase activity are expressed in terms of microliters 
of carbon dioxide liberated by aniline-citrate after 10 minutes of incubation with 
substrates at 37°. Curves 1, 2, and 3 represent experiments with 20, 3, and 1.25 y, 
respectively, of coenzyme. a, pyridoxal phosphate; b, pyridoxamine phosphate. 

Fic. 2. Effect of coenzyme concentration on enzyme activity. The experimental 
conditions were as described in Fig. 1. Enzyme and coenzymes were preincubated 
for 120 minutes prior to addition of the substrates. 


pyridoxamine phosphate gave equivalent activation. Under the condi- 
tions employed, 20 y of either coenzyme were needed for maximal activity 
(Fig. 2). The molar concentration of coenzyme required for half maximal 
activity was 4.41 X 10-®. It was found that the effects of pyridoxal phos- 
phate and pyridoxamine phosphate were additive when tested at levels 
lower than those required for maximal activity. Thus 60 per cent of maxi- 
mal activation was obtained with a mixture of 1.5 y of each coenzyme or 
with 3.0 y of either coenzyme alone. On the other hand apotransaminase 
activated maximally by incubation with 20 y of either coenzyme was not 
further activated by subsequent incubation with pyridoxal phosphate or 
pyridoxamine phosphate. 

Preincubation studies carried out in an atmosphere of nitrogen yielded 








92 GLUTAMIC-ASPARTIC APOTRANSAMINASE 


results which were identical with those described above. When preincuba. 
tion was carried out at 26° rather than at 37°, 60 and 120 minutes were 
required for maximal activity with 20 y of pyridoxal phosphate and pyri- 
doxamine phosphate, respectively. Preincubation of enzyme and coen. 
zyme was also carried out at pH values of 6.0 and 9.0. After preincuba- 
tion, the pH was adjusted to 7.5 by addition of the appropriate amount of 
acid or alkali with the substrates. At pH 6.0, maximal activity with 10 
y of pyridoxal phosphate and pyridoxamine phosphate was obtained after 
90 and 180 minutes, respectively. In contrast, the corresponding values 
at pH 9.0 were 15 and 30 minutes. It would therefore appear that, under 
various conditions, maximal activation with pyridoxamine phosphate re. 
quires a preincubation period approximately twice that needed with pyri- 
doxal phosphate. 


Effect of Dialysis on Enzyme Preparations Reconstituted with Pyridoxal 
Phosphate and Pyridoxamine Phosphate 


Activation of the apotransaminase by incubation with either coenzyme 
was not reversed by prolonged dialysis under the following conditions. The 
reconstituted enzyme preparations were dialyzed with agitation against 50 
to 100 times their volumes of 0.005 m potassium phosphate buffer (pH 7.5) 
at 5° for 3 days, during which time the buffer surrounding the sacks was 
changed six times. Assay of the thoroughly dialyzed enzyme preparations 
revealed no loss in activity. In experiments in which 5 to 30 y of pyridoxal 
phosphate were employed, approximately 90 per cent of the added coen- 
zyme was recovered in the first dialysate, as determined with tyrosine apo 
decarboxylase (21). Assay of the thoroughly dialyzed pyridoxal phos 
phate-reconstituted enzyme preparations revealed the presence of approx- 
mately 1 per cent of the coenzyme originally added (Table I). On the 
other hand no pyridoxal phosphate was detected in dialyzed or undialyzed 
pyridoxamine phosphate-reconstituted preparations, or in the correspond- 
ing dialysates. Under the conditions of these assays 0.01 y of pyridoxal 
phosphate could be detected in the presence of 1000 times as much pyri- 
doxamine phosphate. Spectrophotometric examination of the pyridoxa- 
mine phosphate-reconstituted preparations (before and after dialysis) and 
of the dialysates revealed no evidence of pyridoxal phosphate, as deter- 
mined by absorption in alkali at 3880 A. On the basis of absorption at 
3080 A in alkali, 90 to 95 per cent of the pyridoxamine phosphate originally 
added was recovered in the first dialysate. 

These findings indicate that the quantities of coenzyme retained by the 
dialyzed enzyme preparations are exceedingly small and that pyridoxal 
phosphate retained by the enzyme after dialysis is apparently dissociated 
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uba- — under conditions of the assay employed? (0.05 m sodium acetate buffer, 
were | pH 5.5, 37°). From the data given in Table I, it may be observed that no 
pyri- | further increase in enzyme activity occurred when more than 20 y of pyri- 
soen- | doxal phosphate were added. However, the quantity of coenzyme associ- 
‘uba- 
nt of TaBLe I 
th 10 Effect of Dialysis on Transaminase Activity and Pyridoxal Phosphate Content* 
after Pyridoxal Transaminase 
-alues phosphate activityt 
nder Coenzyme added im _ en 
te re- Siiene Before | After 
pyri Defers After dialysis | dialysis 

dialysis | dialysis 
a ; 7 Y | y | oh | 
pxal None 0 0 2 3 
Pyridoxal phosphate, Syren 5.7 0.06 132 140 
ee & 9.8 0.09 196 191 
vzyme “ m Ser... h 19.5 | 0.17 | 212 | 218 
The “ ~ hg SE ee 27 ; 30.8 0.21 213 206 
“ ses ere. | 0.52 210 218 
ns OE le ARI eid. | 0.76 | 212 | 206 
H 7.5) Pyridoxamine phosphate, 5y............ 0 0 | 0 130 120 
cS was fide Relea. 0 0 | 0 203 | 190 
ations « a |. Se 0 0 | 0 210 | 205 
idoxal “ a Se | | 0 213 | 209 
L coen- * Enzyme (80 y) and coenzyme were incubated in 1.8 cc. of 0.05 m potassium phos- 
1€ APO F rhate buffer (pH 7.5) at 37° for 2 hours, and then dialyzed for 8 hours against 90 ce. 
_ phos of 0.005 m phosphate buffer (pH 7.5) at 5°. The dialysates were assayed for py- 
pproxi- tidoxal phosphate, and dialysis was continued for 40 hours against four changes of 
On the lliter each of buffer. The dialyzed enzyme preparations were assayed for pyridoxal 
alveil phosphate and for transaminase activity. The results were essentially the same 
ays when dialysis was continued for an additional period of 24 hours. 
spond. ¢Microliters per 10 minutes. 
ridoxal f {Values designated as zero were less than 0.001 y. 
a ee ia | 
ridoxa- f ated with the enzyme after dialysis increased progressively when higher 
sis) and f initial concentrations were employed. Thus 4.5 times as much pyridoxal 
3 deter. *Thoroughly dialyzed (pH 7.5) pyridoxal phosphate- and pyridoxamine phos- 
ytion at f phate-reconstituted preparations were dialyzed at 5° for 18 hours against 10 volumes 
iginally of 0.05 m sodium acetate buffer at pH 5.5. Approximately 80 per cent of the py- 
tidoxal phosphate associated with the pyridoxal phosphate-reconstituted prepara- 
| by the tion was recovered in the dialysate; none was found in dialysates of the pyridoxamine 
“oval phosphate-reconstituted preparation. After dialysis at pH 5.5, the contents of the 
yrido sacks did not possess transaminase activity in the presence or absence of added co- 
sociated F enzyme. 
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phosphate was bound when 100 y of this coenzyme were incubated with 
the enzyme as when a level of 20 y was used. These observations sugges 
that pyridoxal phosphate combines with groups of the protein other thap 
those required for enzyme activity. 


Inhibition by Deoxypyridoxine Phosphate and by Pyridoxine Phosphate 

Pyridoxine and deoxypyridoxine had no effect on the activity of resolved 
or unresolved transaminase, nor did they affect the rate or extent of acti. 
100 
80} 
60: 
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Fic. 3. Inhibition by deoxypyridoxine phosphate. A, effect of deoxypyridoxin 
phosphate on activation by pyridoxal phosphate. Curve 1, enzyme (120 y) and de 
oxypyridoxine phosphate were incubated for 30 minutes in 1.7 ec. of 0.05 m potassium 
phosphate buffer (pH 7.5). Pyridoxal phosphate (5 y; 0.1 ec.) was then added, and 
after 30 minutes the substrates were tipped in. Curve 2, enzyme, deoxypyridoxin 
phosphate, and pyridoxal phosphate (5 7) were incubated for 30 minutes (volum 
1.8 cc.) prior to addition of substrates. Curve 3, enzyme and pyridoxal phosphate 
(5 y) were incubated for 30 minutes (volume 1.7 ec.), followed by addition of deoxy 
pyridoxine (0.1 ec.). After 30 minutes the substrates were added. The other con 
ditions were as given in Fig. 1. B, effect of deoxypyridoxine phosphate on activa 
tion by pyridoxamine phosphate. The conditions were as described in A, except 
that the incubation period was 2 hours instead of 30 minutes. Curve 1, deoxypyr 
idoxine phosphate was added first; Curve 2, deoxypyridoxine phosphate and pyr 
idoxamine phosphate were added together; Curve 3, pyridoxamine phosphate was 
added first. Maximal activity corresponds to 220 ul. per 10 minutes. 





vation observed with pyridoxal phosphate or pyridoxamine phosphate 
On the other hand the phosphorylated derivatives of these compouné 
were markedly inhibitory under certain experimental conditions. The é- 
fect of various concentrations of deoxypyridoxine phosphate on the active 
tion of apotransaminase by 5 y of pyridoxal or pyridoxamine phosphates is 
described in Fig. 3. Simultaneous incubation of enzyme with deoxypyn- 
doxine phosphate and pyridoxal phosphate (or pyridoxamine phosphate 


prior to addition of substrates resulted in a decrease in enzyme activity. 
However, no inhibition was noted when pyridoxal phosphate or pyridoxs- 
mine phosphate was incubated with the apotransaminase prior to addition 
of deoxypyridoxine phosphate. When enzyme and deoxypyridoxine phos 
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‘ 
phate were incubated together for 30 minutes, and either pyridoxal phos- 
phate or pyridoxamine phosphate was subsequently added, a considerable 
reduction in activity resulted, and with high concentrations of inhibitor no 
activity could be demonstrated. 

Pyridoxine phosphate did not activate the apotransaminase, but exerted 
an inhibitory effect which proved to be similar in type and magnitude to 
that observed with deoxypyridoxine phosphate (Table II). Thus, when 
enzyme and pyridoxine phosphate were incubated for 30 minutes, followed 
by addition of pyridoxal phosphate, a marked reduction in activity was 
observed, whereas, when the order of addition of these reagents was re- 


TABLE II 
Effect of Pyridoxine Phosphate on Transaminase Activity* 


Trans- 
First addition Second addition | aminase 
|} activity 
pl. 
Pyridoxine phosphate, 10 4 0 
4a . 100 + 0 
Pyridoxal sia _ 149 
“s ~ 19 “ Pyridoxine phosphate, 100 148 
Pyridoxine ss _ Pyridoxal ’ 10 y 37.8 
* s 100 4 . = 1 | 8.2 
Pyridoxal x 10 y + pyridox- 
ine phosphate, 10 y 7 109 


* Enzyme (80 7) was incubated for 30 minutes with the first addition in 1.7 ec. of 
0.05 m potassium phosphate buffer (pH 7.5), following which the second addition 
(0.1 cc.) was made. After 30 minutes the substrates were added; final volume, 2.3 
cc.; transaminase activity is expressed as microliters per 10 minutes. 


versed, no inhibition was noted. About 27 per cent inhibition was ob- 
served when equivalent quantities of pyridoxine and pyridoxal phosphates 
were simultaneously incubated with the enzyme. The data described in 
Fig. 4 indicate that deoxypyridoxine phosphate was somewhat more active 
as an inhibitor than was pyridoxine phosphate. Experiments with various 
periods of preincubation, carried out as described in Fig. 1, indicated that 
a preincubation period of 30 minutes was sufficient to yield maximal inhi- 
bition with 2.5, 5.0, 20, and 50 y of pyridoxine phosphate or deoxypyri- 
doxine phosphate. The molar concentrations of deoxypyridoxine phos- 
phate and pyridoxine phosphate required for half maximal inhibition were 
1.12 and 1.40 XK 10-5, respectively. 

The data suggest that deoxypyridoxine and pyridoxine phosphates com- 
bine with the apotransaminase, and the evidence indicates that such com- 
bination prevents activation by coenzyme. However, binding of the in- 
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Fig. 4. Inhibition by pyridoxine phosphate and deoxypyridoxine phosphate 
Enzyme (120 y) and inhibitor were incubated for 30 minutes in 1.7 cc. of potassiyp 
phosphate buffer (pH 7.5). Pyridoxal phosphate (50 7; 0.1 cc.) was added, and afte 
30 minutes substrate was added. Maximal activity corresponds to 200 ul. per 1) 
minutes. 
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Transaminase activityt 





Enzyme preincubated with 


Assay conditionst 
Deoxy- Pyri- | Pyri- Pyri- |Resolved 








ne | pane | deal | amine | 

phate phate | phate | phate 
pl. pl. | owl. | pl. al. 
a REE a 0 | Oo | 157 | 161 | 0 
- + pyridoxal phosphate........... .| 0 | 0 | | | 150 
_ + deoxypyridoxine phosphate...... | 148 | 158 0 
ee re ee 1s 12 160 | 0 
" 1 ‘* + pyridoxal phosphate...... 55.5 | 74.5 | 149 

- 1 ‘“ + deoxypyridoxine phosphate 153 | 

- oe EO Ee eee ae | 169 | 147 0 
a 2 ‘ +4 pyridoxal phosphate........ 82.2 |103 | | 152 

i 2 ‘* + deoxypyridoxine phosphate. . | | 149 | 158 | 
Wi ee ee. ae, coved © | @ | SO) or] 
3 4 ‘ + pyridoxal phosphate........118 138 | 155 

a4 4 ‘ + deoxypyridoxine phosphate . 151 | 168 





* Enzyme (1 mg.) was preincubated for 2 hours with 10 mg. of inhibitor or 200; 
of coenzyme in 17 cc. of 0.05 m potassium phosphate buffer (pH 7.5). Dialysis wa 
carried out as described in the text against two changes of 1700 cc. of buffer per day. 

t Assays were carried out on 1.7 cc. aliquots. After addition of 0.1 cc. of pyr: 
doxal phosphate (20 y) or deoxypyridoxine phosphate (1 mg.), solutions were it- 
cubated for 30 minutes before addition of substrates. 

t Microliters per 10 minutes. 
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hibitors by the enzyme is apparently weaker than that of pyridoxal or 
pyridoxamine phosphates. This conclusion is based on dialysis studies 
with the inhibitors carried out as described above for the pyridoxal phos- 
phate- and pyridoxamine phosphate-reconstituted preparations. 

As noted above, thoroughly dialyzed pyridoxal phosphate- or pyridoxa- 
mine phosphate-reconstituted preparations exhibited enzymatic activity 
equivalent to that observed with the corresponding undialyzed prepara- 
tions. In contrast, when enzyme preparations completely inactivated by 
treatment with deoxypyridoxine or pyridoxine phosphates were dialyzed, 
it beeame possible to reactivate these preparations to a considerable extent 
by addition of pyridoxal phosphate. The data given in Table III demon- 
strate appreciable reversal of inhibition by dialysis of enzyme preparations 
previously treated with deoxypyridoxine or pyridoxine phosphates. Under 
the same conditions no loss in activity was observed with enzyme prepara- 
tions reconstituted with pyridoxal or pyridoxamine phosphates. When 
dialysis was continued for periods greater than 4 days, considerable reduc- 
tion in the activity of all preparations was noted. 


DISCUSSION 


The equivalent activating effects of pyridoxal phosphate and pyridoxa- 
mine phosphate suggest that both phosphate esters can function as coen- 
zymes of transaminase. In the present investigation no evidence was ob- 
tained for conversion of pyridoxamine phosphate to pyridoxal phosphate, 
and it appears unlikely that this reaction occurs prior to enzyme-coenzyme 
combination and addition of substrates. The data are consistent with the 
concept that interconversion between pyridoxal and pyridoxamine phos- 
phates takes place in the presence of substrates after enzyme-coenzyme 
combination has occurred. These events may be represented as follows. 


Pyridoxal phosphate (or pyridoxamine phosphate) + enzyme — 


(l) 


enzyme-pyridoxal phosphate (or enzyme-pyridoxamine phosphate) 
Enzyme-pyridoxamine phosphate + a-ketoglutarate (or oxalacetate) = 


enzyme-pyridoxal phosphate + glutamate (or aspartate) 


The preincubation period required for the maximal effect was approxi- 
mately the same for pyridoxal phosphate, deoxypyridoxine phosphate, and 
pyridoxine phosphate, whereas for pyridoxamine phosphate a period about 
twice as long was necessary. It is possible that the longer time required 
for enzyme-pyridoxamine phosphate combination is related to the dipolar 
nature of this compound. 

The dialysis studies indicate that the coenzyme-enzyme binding was not 
readily reversible, and that relatively small quantities of coenzyme were 
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bound. The pyridoxal phosphate assays revealed that approximately | 
per cent of this coenzyme was retained after prolonged dialysis. As sug. 
gested above, it is probable that binding of pyridoxal phosphate occurs a 
sites other than those required for enzyme activity. Such combinatioy 
might involve Schiff’s base formation between pyridoxal phosphate and 
free amino groups of the protein. Experiments with P®-labeled coenzymes 
have indicated that approximately 0.1 per cent of the added pyridoxamine 
phosphate was retained by the enzyme after dialysis, whereas 10 to 3% 
times as much pyridoxal phosphate was retained (1). It is obvious that 
the available data permit conclusions only as to the order of magnitude of 
the coenzyme bound, and it is probable that studies with pure apoenzyme 
will be required to elucidate this problem. 

Deoxypyridoxine, a known vitamin Bs antagonist in intact organisms 
(22, 23), did not inhibit transaminase in vitro, whereas the phosphorylated 
derivative was active as a competitor for coenzyme. In experiments with 
the tyrosine apodecarboxylase of Streptococcus faecalis, it was concluded 
that deoxypyridoxine exerted its inhibitory effect after conversion to de. 
oxypyridoxine phosphate, which competed with pyridoxal phosphate for 
the apodecarboxylase (24). The present experiments indicate that a simi. 
lar mechanism of inhibition is involved in the transaminase system and that 
the inhibitor may compete with either pyridoxal phosphate or pyridoxa- 
mine phosphate. 

The inhibitory effects of pyridoxine phosphate appear to be similar to 
those observed with deoxypyridoxine phosphate, and, under the present 
conditions, it is clear that pyridoxine phosphate also competes with coen- 
zyme. It may be observed that the mechanism of inhibition demonstrated 
in these studies may not represent the only mechanism which occurs in i- 
tact organisms. For example, it has been suggested that deoxypyridoxine 
may act by preventing absorption of vitamin Bg into the cell (25). Fur 
thermore, conversion of pyridoxine phosphate to pyridoxal phosphate, or 
possibly to other products, may occur in other isolated systems or in the 
intact organism. 


The authors are indebted to Miss Sarah V. Tice and Miss Phyllis E 
Fraser for valuable assistance. 
SUMMARY 


1. Both pyridoxamine phosphate and pyridoxal phosphate activated 
purified pig heart glutamic-aspartic apotransaminase. Activation required 


preincubation of enzyme with coenzyme prior to addition of substrates. 
The preincubation period required for maximal activation was approx: 
mately twice as long with pyridoxamine phosphate as with pyridoxal phot 
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phate. After suitable preincubation, equivalent concentrations of the two 
phosphate esters yielded equivalent activation. 

2. Conversion of pyridoxamine phosphate to pyridoxal phosphate prior 
to enzyme-coenzyme combination and addition of substrates could not be 
demonstrated. The evidence obtained was compatible with the concept 
that both pyridoxal phosphate and pyridoxamine phosphate are coenzymes 
of transaminase, and that reversible interconversion between the two co- 
enzymes (after enzyme-coenzyme combination has occurred, and in the 
presence of substrates) is involved in the mechanism of transamination. 

3. Apotransaminase activated by incubation with pyridoxal or pyridoxa- 
mine phosphates did not lose activity after extensive dialysis at pH 7.5. 
Under these conditions the enzyme retained approximately 1 per cent of 
the quantity of pyridoxal phosphate added (as determined by assay with 
tyrosine apodecarboxylase), and it appears that this coenzyme is bound by 
groups of the protein other than those required for enzyme activity. The 
available evidence suggests that the quantity of coenzyme bound at en- 
tymatically active sites is less than | per cent of the added coenzyme. 

4. Apotransaminase incubated first with deoxypyridoxine phosphate, 
and subsequently with either coenzyme, exhibited decreased enzymatic ac- 
tivity. On the other hand, apotransaminase maximally reconstituted with 
wenzyme was not inhibited by addition of deoxypyridoxine phosphate. 
The inhibitory effect of deoxypyridoxine phosphate may be ascribed to 
competition with coenzyme for apoenzyme. 

5. Pyridoxine phosphate did not activate the apotransaminase, but pro- 
duced inhibition which was similar in type and magnitude to that observed 
with deoxypyridoxine phosphate. Both inhibitors exhibited a lower affin- 
ity for the apotransaminase than did the coenzymes. 
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STUDIES OF METABOLIC TURNOVER WITH TRITIUM AS A 
TRACER 


III. COMPARATIVE STUDIES WITH TRITIUM AND DEUTERIUM* 


By ROY C. THOMPSON anp JOHN E. BALLOU 


(From the Biology Section, Department of Radiological Sciences, General Electric 
Company, Richland, Washington) 


(Received for publication, July 24, 1953) 


In studies with isotopic tracers it is usually assumed that the labeling 
isotope behaves, in the system under study, in a manner indistinguishable 
from that of the isotope whose reactions one wishes to follow. From much 
recent work it is clear that such an assumption is not always justified. In 
the case of deuterium, which has twice the mass of the more abundant hy- 
drogen isotope, rather large “‘isotope effects” have been reported for a num- 
ber of specific reactions (1). Smaller, but still significant isotope effects 
have been reported for carbon, nitrogen, and oxygen isotopes (2). Most 
of these isotope effects were observed in simple reactions, and it has been 
quite generally assumed that for the complex system of equilibria involved 
in a living organism no significant isotope effects were to be anticipated. 
This conclusion is supported by the many studies of the deuterium-protium 
ratio in living and non-living materials of all sorts, which indicate that this 
ratio is essentially constant (3, 4). 

The advent of tritium as a tracer for hydrogen in biological studies has 
reemphasized the need for further investigation of isotope effects in living 
organisms and has also, fortunately, provided a relatively simple method 
for making such studies. With two easily traced isotopes of hydrogen 
available, their comparative behavior in the most complex of systems may 
be easily studied. The first report of such a study was made by Glascock 
(5) who fed tritium oxide-labeled deuterium oxide to two rats and deter- 
mined the change in the T:D ratio in various fractions obtained from these 
animals. Large isotope effects were observed in certain tissues, but the 
results were not consistent. A later brief note by Glascock and Duncombe 
(6) reported a consistent 20 per cent decrease in the T: D ratio in mammary 
fat from lactating rats fed tritium oxide-labeled deuterium oxide for a 
period of 2 weeks prior to sacrifice. A similar effect was observed in the 
body fat of the young which were suckling during this period. In a study 
with deuterium- and tritium-labeled methanols, Verly et al. observed a 


* This paper is based on work performed under contract No. W-31-109-Eng-52 for 
the Atomic Energy Commission. 
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greater retention of the carbon-tritium bond in the utilization of the methy| 
group of methanol in the biosynthesis of the labile methyl group (7). 

More recently, Eidinoff ef al. have reported results on four rats given 
tritium and deuterium oxides over periods of 1 to 4 days, which indicate 
preferential incorporation of deuterium by approximately 8 and 18 per cent 
in liver glycogen and liver fatty acids, respectively (8). 

The purpose of the present study was to determine the magnitude of 
any isotope effect observed in the incorporation of deuterium and tritium 
from water into various tissue fractions and also to determine what changes 
might occur in the T:D ratio over a period of time following incorporation 
of these isotopes. The results of a brief study preliminary to this investi- 
gation were previously published (9). 


Methods 


The animals employed were thirty-two Sprague-Dawley female rats 
weighing 155 + 10 gm. at the start of the experiment. The diet through- 
out was Purina dog chow ad libitum. 

The tritium oxide-labeled deuterium oxide solution administered con- 
tained 98.5 mole per cent of D.O, 0.50 me. of tritium (as the oxide) per 
ml., and 0.9 per cent NaCl. This solution was administered by intraperi- 
toneal injection at intervals of approximately 3.5 days. A series of eleven 
injections was given to each animal. The first injection was of 5.1 ml., 
which was calculated to bring the D.O level of body water to 5 per cent. 
Subsequent injections were of such a volume as to increase the D.O con- 
tent of body water by 2.5 per cent, which, on the assumption of an approxi- 
mately 3.5 day biological half time for body water in the rat (10) should 
have maintained a D,O level varying between 2.5 and 5.0 per cent over the 
5 week injection period. Actually, the body water half time observed in 
the present experiment was about 2.5 days, and the D.O level maintained 
in the animals during most of the injection period ranged between 1.5 and 
4.5 per cent. 

Animals were sacrificed in groups of four at intervals of 1, 3, 7, 11, 17, 
28, 42, and 60 days following cessation of DxO-HTO administration. The 
samples included muscle (adjacent to right and left femora), pelt (dorsal), 
fat (genital and perirenal), liver, and brain. The residual carcass was thor- 
oughly ground and a representative sample taken. Individual samples 
were weighed fresh and pooled for the four rats. This practice was de- 
viated from in the case of the 1 and 3 day groups, for which the individ- 
ual samples of muscle, pelt, liver, and residual carcass were divided into 
equal portions which were combined for the four animals to give duplicate 
pooled samples of the tissues. 

The procedure previously described (11), which was employed in re- 
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moval of body water from the samples and combustion of the dry residue, 
was altered in one significant detail. After removal of the body water by 
distillation with benzene, water sufficient to cover the tissue was added to 
the flask and the tissue-water-benzene mixture allowed to stand overnight. 
This water was then removed by distillation with benzene. This procedure 
was designed to remove freely exchangeable tritium from the tissues and 
was employed for all samples except the duplicates of the muscle, pelt, 
liver, and residual carcass samples from the 1 and 3 day rats. For these 
the equilibration procedure was omitted. 

The combustion water obtained from the various dried tissue samples 
and a sample of body water obtained from the residual carcass sample were 
analyzed for tritium oxide and deuterium oxide content. For tritium anal- 
ysis a diluted water sample was converted to hydrogen with calcium metal 
and the hydrogen counted in an atmospheric pressure, externally quenched 
Geiger tube (12). Analyses were reproducible to +5 per cent. 

Deuterium analyses were performed on the samples of undiluted com- 
bustion water or body water. These water samples were equilibrated with 
tank hydrogen essentially according to the procedure described by Fischer, 
Potter, and Voskuy! (13). The mass ratios in the equilibrated gas sample 
were determined in a Consolidated-Nier isotope ratio mass spectrometer, 
model 21-201. The results were calculated by the graphical method sug- 
gested by Kirshenbaum (14). All figures reported are the average of at 
least two determinations differing from the average by not more than 3 per 
cent for values above 0.1 atom per cent excess deuterium, by not more than 
7 per cent for values between 0.075 and 0.1 atom per cent excess, and by 
not more than 10 per cent for values between 0.05 and 0.075 atom per cent 
excess. A detailed description of the mass spectrometric determinations 
has been reported as an unclassified Atomic Energy Commission document 
(15). 


Results 


The results are summarized in Table I. Tritium oxide concentrations 
and deuterium oxide concentrations (in excess of normal abundance) are 
expressed as “retention fractions;” 7.e., concentration in the combustion 
water or body water divided by the concentration in the solution injected. 
To convert these figures to absolute units, deuterium retention fractions 
(D,) would be multiplied by 98.5 mole per cent (the concentration of deu- 
terium oxide in the solution injected) and tritium retention fractions (T,) 
by 0.50 me. per ml. Also listed in Table I is the “retention ratio,” defined 
as the retention fraction for tritium divided by the retention fraction for 
deuterium. In the absence of an isotope effect this number, within the 
limits of experimental error, should be equal to unity. 
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All of the data in Table I are for samples equilibrated with water to re- 
move freely exchangeable tritium. Table IT lists the data on non-equi- 
librated samples from the first two groups of animals. 











TaBLe II 
Retention of Total Bound Tritium and Deuterium 
Group 1 | Group 2 
| — = 
Tissue | Per cent t labilet Per cent labile 
Retention | Retention | 
ratio* | * ratio | | 
| T = D 
eieeenemeinnsings ‘ neier ‘ din aS ila 
Ns 6a. viic teen ed one oh) 12 14 | 0.97 | 7 10 
0 ee 0.99 | 28 | 26 0.94 | 12 | 12 
i sine ahaa Tolaeee 0.95 | 2 | 39 0.96 29 | #31 
| CES 0.98 | 16 | 22 0.99 3 | 





Group 1 was sacrificed 1 day following final injection; Group 2, 3 days following 
final injection. 


* Defined in the text. 
t (Total T (or D)) — (firmly bound T (or D)) , 
Total T (or D) 





100. 


DISCUSSION 


It is clear from the data of Table I that no very marked discrimination 
between deuterium and tritium has occurred. It seems equally apparent, 
however, that consistent differences of small magnitude do exist in certain 
tissues. Muscle, fat, and brain show retention ratios which are consis- 
tently lower than unity, while for liver the ratios are usually greater than 
unity. In none of the tissues does there seem to be any significant trend 
of retention ratios, either upward or downward, during the 60 day period 
over which the animals were sacrificed. It should therefore be valid to 
average the retention ratios for a given tissue. This was done, the stand- 
ard deviation of the mean determined, and the mean compared with unity, 
by the ¢ test (16). The results of these computations are presented in 
Table I. ‘Tissues showing a significant isotope effect at the 99.9 per cent 
confidence level were muscle, fat, and brain. None of the other tissues 
showed a significant effect at the 90 per cent confidence level. The appli- 
cability of this test to the present situation is open to some question, since 
it makes no allowance for the possibility of a consistent analytical bias in 
any or all of the tissues. There is no reason to suspect such a bias, how- 
ever, and it seems safe to conclude that the isotope effects observed were 
real. 

The isotope effects noted are in general agreement with the results re- 
ported for a preliminary experiment with four rats, which had indicated 
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possible small effects in muscle, fat, and brain (9). The fact that the low- 
est average retention ratio was observed for the fat samples is in qualita- 
tive agreement with the results reported by Glascock and Duncombe (6) 
and Eidinoff et al. (8). The considerably larger effects observed by these 
workers may be due to the shorter period over which the isotopes were ad- 
ministered in their experiments, which would have allowed less opportunity 
for metabolic equilibration of the isotopes. 

The absence of any consistent change in retention ratios with time would 
seem to indicate that the isotope effects observed are concerned principally 
with incorporation of the isotope rather than with retention following incor- 
poration. The magnitude of the effects noted in this study is such as to 
occasion little concern over the use of tritium as a tracer in long term, 
gross metabolic studies in the rat. Conclusions drawn from previous stud- 
ies in this series (10, 11) are certainly not significantly affected by the pres- 
ent findings. However, the fact that even slight differences were observed 
in the behavior of tritium and deuterium suggests that under different ex- 
perimental conditions (particularly in short term experiments) these dif- 
ferences might be magnified. Certainly these results should caution one 
against the indiscriminate use of tritium as a tracer in systems in which its 
approximate equivalence to protium or deuterium has not been proved. 

It should also be emphasized that the similar behavior of tritium and 
deuterium offers only presumptive evidence of similarity between these 
isotopes and protium. Recent studies on rapidly growing algae indicate 
that deuterium and tritium are similarly incorporated, but that the incor- 
poration of protium differs markedly.! 

The previous discussion applies to stably bound tritium and deuterium. 
Tritium and deuterium bound in labile positions were removed in the pres- 
ent study by equilibration with water. This procedure was adopted on the 
assumption that an isotope effect would be more likely in the reactions in- 
volved in the incorporation of hydrogen into stable positions than in the 
simple exchange of labile hydrogens. Some data were obtained on total 
bound tritium and deuterium (stable + labile), and retention ratios caleu- 
lated from these data are shown in Table II. The data are not sufficient 
to justify comparisons concerning isotope effect between firmly bound and 
freely exchangeable tritium. No unusual effects were noted. 

Also shown in Table IT is the percentage of total bound tritium and deu- 
terium which was present in the freely exchangeable state at the time of 
sacrifice. These figures are obtained as a difference between two larger 
experimentally measured quantities (total bound tritium (or deuterium) 
and firmly bound tritium (or deuterium)) and are therefore apt to be con- 
siderably less precise than the primary data. It should also be noted that 


1 Weinberger, D., and Porter, J. W., private communication. 
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the first determinations were made a day after the last injection, and, since 
freely exchangeable tritium is lost from the body with the same half time 
as body water, the percentage of labile tritium and deuterium was already 
considerably reduced when the first group was sacrificed. The percentages 
observed, particularly in the case of muscle and pelt, are much higher than 
the percentage of labile hydrogens in the more abundant body compounds. 
A maximum of 14 per cent labile hydrogen has been estimated for protein 
(17). It may be concluded, then, that considerably less than half of the 
muscle and pelt hydrogen has become equilibrated with body water hy- 
drogen during the 5 week injection period. 


SUMMARY 


Thirty-two rats were given tritium oxide and deuterium oxide in a con- 
stant ratio over a 5 week period. The animals were then sacrificed in 
groups over a 2 month period, and the ratio of bound tritium to bound deu- 
terium determined in various tissues. Fat, brain, and muscle showed a sig- 
nificant slight preferential incorporation of deuterium. There was no con- 
sistent trend of change in ratios for a given tissue over the 60 day period. 


The authors wish to credit the Radiochemistry Laboratory of the Biology 
Section for the tritium analyses and the Analytical Services Group of the 
Technical Section for the deuterium analyses. 
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ACID CLEAVAGE OF HEME PROTEINS* 


By U. J. LEWIS} 
(From the Biochemical Department, Medical Nobel Institute, Stockholm, Sweden) 


(Received for publication, July 27, 1953) 


One of the most satisfactory methods known at present for obtaining the 
free protein of heme proteins involves an acid-acetone splitting process (1). 
A solution of the heme protein is added to chilled acetone containing hy- 
drochloric acid. The cleaved hemin chloride dissolves in the acetone, while 
the free protein precipitates. During an attempt to determine the minimal 
amount of acid needed to effect complete splitting in this process, a new 
acid cleavage procedure was developed. The method, while furnishing in- 
formation on the exact amount of acid required to cause complete cleavage, 
is also suitable for detecting differences in heme protein linkages if those 
linkages are acid-labile. Hemoglobin, myoglobin, catalase, and horserad- 
ish peroxidase were cleaved by this procedure, and it was found that the 
acid stability of these different compounds varied considerably. The clea- 
vage procedure also proved useful in determining the homogeneity of a 
heme protein preparation. 


EXPERIMENTAL 


Material—The oxyhemoglobin (HbO:) was crystallized from horse blood 
according to the procedure of Taylor and Hastings (2). After recrystal- 
lization from water (pH 6.6), the material was used for the experiments. 

Methemoglobin (MetHb) was prepared by autoxidation of HbO: as de- 
scribed by Coryell et al. (3). The material was then crystallized from an 
ammonium sulfate solution. The iron content, as determined by the sul- 
fosalicylic acid method (4), was 0.34 per cent. The material was also 
tested for purity by electrophoresis and was found to be homogeneous. 
Phosphate buffer, pH 8 and ionic strength 0.1, was used for the electro- 
phoresis. 

Carboxyhemoglobin (HbCO) was prepared by saturating a solution 
(u/15 phosphate buffer, pH 7.5) of MetHb with carbon monoxide for 10 
minutes and then reducing with 2 times the theoretical amount of Na.S.O,. 
Saturation with carbon monoxide was continued for 5 minutes after reduc- 

*Supported by a grant-in-aid from the National Institutes of Health, United 
States Public Health Service. 

t United States Public Health Service Research Fellow of the National Institutes 


of Health. Present address, American Meat Institute Foundation, University of 
Chicago, Chicago, Illinois. 
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tion. The resulting solution of HbCO was dialyzed against distilled wate 
saturated with carbon monoxide. The cellophane bag containing the 


and a large bubble of carbon monoxide was left in the tube. The tube was 
rocked during the 18 hour dialysis period. 

Metmyoglobin (MetMb) was prepared essentially by the method ¢ 
Theorell (5). The preparation was 94 per cent homogeneous according ty 
electrophoresis. 

Crystalline horse blood catalase was generously supplied by Dr. R. K. 
Bonnichsen, and the author was assured that no colored impurities wer 
present. 

The crystalline horseradish peroxidase (HRP) was kindly donated by 
Dr. K.-G. Paul. The iron content was 0.118 per cent and the purpuro 
gallin number was 1230. 

Absorption Spectra of Protohemin Chloride and Sulfate in Acetone—Sine 
the amount of hemin split off from the chromoprotein was to be measurel 
spectrophotometrically, the absorption spectrum of hemin in acetone was 
determined. Crystalline ferriprotoporphyrin chloride (hemin chloride 
prepared according to Cowgill and Clark’s (6) modification of the Fischer 
method (7), was dissolved in analytical grade acetone. The spectrums 
shown in Fig. 1, and it is seen that there are no intense absorption bands 
A Beckman model DU spectrophotometer was used throughout thes 
studies. When HCl was added to the solution of hemin in acetone, th 
bands sharpened and became very pronounced (Fig. 1). The maxima o. 
curred at 640, 540, 512, and 382 my. Inflections at 585 and 465 my wer 
noted. Variation of acid strength, once the bands had sharpened, causel 
no change in the intensities. 

A salt-free solution of MetHb was added to acetone containing HC! (0! 
ml. of concentrated HCl per 100 ml. of acetone), and the spectrum of the 
resulting hemin chloride solution was determined. The spectrum agreel 
exactly with that obtained with crystalline hemin chloride. 

The spectrum of protohemin sulfate proved to be quite different from 
that expected. When a salt-free solution of HbCO was cleaved in acetone 
by H.SO,, the spectrum was not that of hemin chloride (Fig. 1). Th 
640 my band had moved to 632 muy, the 540 my band had almost disap 


moved to a longer wave-length, 398 my, and was more intense. The it 


made to prepare the hemin sulfate by addition of H.SO, to an acetone soli: 
tion of hemin chloride. Only after approximately 5 ml. of concentrated 
H.SO, had been added to 25 ml. of a 0.01 per cent solution of hemin wasi 
spectral change noted. The shifts, however, were not as great as those ob 


HbCO was placed in a glass tube filled with 2 liters of CO-saturated water f 


peared, and the 512 mu band had shifted to 505 mu. The Soret band half 


flections likewise had shifted to 577 and 458 mu. An attempt was theif 
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served when the hemin sulfate was obtained by direct cleavage of HbCO 
with HoSO,. 

An attempt was also made to prepare the hemin sulfate by the Fischer 
procedure (7) from salt-free HbOs, in which Na.SO, and H.SO, were sub- 
stituted for the NaCl and HCl. The hemin sulfate, however, would not 
erystallize from the glacial acetic acid. The sulfate was finally successfully 
prepared, however, by dissolving hemin chloride in 0.2 N aqueous NaOH 
and immediately precipitating with 1 N H.SO,. This procedure was re- 
peated six times, after which the material was washed free of H.SO, with 
distilled water and air-dried. The spectrum corresponded to that of the 


+ 4 4 4 









---- Hemin-Cl (no acid) 
Hemin-Cl+ HCL 











400 


00 500 
WAVELENGTH (mp) 


Fic. 1. Absorption spectra of hemin chloride and hemin sulfate in acetone. The 
right-hand scale represents the e,,, values for the Soret band. 


hemin sulfate obtained by H.SO, cleavage of HbCO in acetone. The py- 
ridine hemochromogen was prepared from the hemin sulfate and its absorp- 
tion spectrum determined. The positions of the absorption maxima were 
identical with those found when hemin chloride was used. This indicates 
that no significant alteration of the iron porphyrin occurred during the 
preparation of the sulfate. The hemin sulfate prepared by this method 
was completely soluble in acetic acid at room temperature, which explains 
the failure to obtain crystalline sulfate by the Fischer method. The ex- 
tinction coefficients for hemin chloride and sulfate are given in Table I. 
Validity of Beer’s Law for Hemin in Acetone—Before attempting to ob- 
tain an acid cleavage curve of hemoglobin, the validity of Beer’s law for 
the spectrophotometric determination of hemin chloride in acetone was 
ascertained. A 0.002 per cent solution of hemin chloride in acetone con- 
taining 0.002 m.eq. of HCl per ml. was used. X ml. of this acetone solu- 








112 ACID CLEAVAGE OF HEME PROTEINS 


tion of hemin plus 0.5 ml. of water were added to 10 — X ml. of pure acetone, 
Optical density readings were made at 640 and 540 my, and these values 
were plotted against the hemin concentration. A straight line passing 
through the origin was obtained at both wave-lengths. The concentra. 
tions of hemin, acid, water, and acetone employed were chosen to mateh 
the conditions used in the acid splitting of heme proteins. 

Acid Cleavage Curve Procedure—1 ml. of a salt-free solution of heme pro. 
tein containing 15 mg. per ml. was pipetted into a 2.5 ml. glass cup. The 
ionic strength (u) was kept constant during the cleavage process by addi. 
tion of either an NaCl or an Na»SO, solution, depending on the acid used, 
After the addition of the salt solution, the volume of which varied with the 
amount of acid used, the mixture was thoroughly stirred. The desire 
amount of 0.1 Nw acid, either HCl or H.SO,, was then added with stirring 


TABLE I 
Extinction Coefficients for Hemin Chloride and Sulfate in Acetone 





Specific extinction coefficient (esp.)* 





Compound Wave-length of maxima 


} 


640 mu | 632 mp | 540 mu 512 mz 505 mu | 308 my 382 my 


Hemin chloride. ........ 7a 13.6 13.7 136 
oe | See 6.5 13.7 166 
x ae a 
* és. = ra x a X log T (c = concentration in mg. per ml.; d = 1 cm.). 


The final volume after addition of salt and acid was 1.5 ml. An ionic 
strength of either 0.04 or 0.2 was used. Immediately after the addition 
of the acid, the pH was measured by means of a glass electrode. The 
pH measurement had to be made very quickly in the case of MetHb be 
cause the pH drifted slowly to more alkaline values. A 1 ml. aliquot of 
the solution was then transferred to a 75 ml. centrifuge tube, and 20 ml. 
of analytical grade acetone were added. The tube was stoppered, swirled 
a few times until the protein precipitated, and then centrifuged for 3 min- 
utes at 2500 r.p.m. A sample was removed and its optical density deter 
mined in a closed cuvette. Optical density readings were taken at the ab- 
sorption maxima, and the amount of hemin split off was calculated for each 
wave-length. These values were then averaged and plotted against the 
pH of the solution. The entire procedure was carried out at room temper 
ture. The time elapsing from the addition of acid to the reading of the 
optical density was 6 minutes. 

Because of a limited amount of material, only 1 mg. of HRP was used 
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for each point on the curve. It was necessary, therefore, to make the opti- 
eal density readings in the Soret region. As a control, an HCl cleavage 
curve for MetMb was made by measuring the optical density at 382 my 
and was found to agree exactly with the curve obtained from measurements 
taken at the longer wave-lengths. 


Results 


Cleavage of MetHb—When treated with increasing amounts of HCl at a 
constant ionic strength of 0.04, MetHb was very gradually cleaved until 
pH 4.1 was reached (Fig. 2). One-fourth of the total hemin was split off 
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Fie. 2. Acid cleavage of methemoglobin. 
Fig. 3. Logarithmic plot of the acid cleavage data for methemoglobin. 


between pH 5.5 and 4.1. From pH 4.1 to 3.2 the remaining three-fourths 
was removed. ‘The absorption spectrum of the material cleaved at pH 
5.05 was determined and was found to be that of hemin chloride. The 
break at pH 4.1 is more easily seen if the expression log (concentration 
pH 2) — (concentration pH x)/(concentration pH x) — (concentration 
pH 7) is plotted against pH (Fig. 3). Concentration pH 2 and concen- 
tration pH 7 are the concentrations of the hemin in acetone at complete 
and zero splitting, respectively. Concentration pH z is the concentration 
fhemin at any point along the curve. When these data are plotted, two 
straight lines are obtained which intersect at pH 4.1 and 25 per cent cleav- 
age. If the portion of the curve representing cleavage of the first one- 
fourth of the hemin is disregarded, the slope of the line was very close to 2. 

By increasing the chloride concentration the point of cleavage was shifted 
toward less acid conditions. A break in the curve was also noted at this 
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higher chloride concentration. The slope of the main portion of the cury 
was 2. 

The substitution of H.SO, for HCl shifted the cleavage significantly t 
amore acid pH. Complete cleavage did not occur until pH 2.1. Although 
no break in the curve was noted, the hemin was cleaved over a wide pH 
range. The logarithmic plot of the data gave a smooth curve instead of 
two straight lines. Increasing the sulfate ion concentration caused no shift 
in the cleavage. 

At various pH values in the cleavage of MetHb and MetMb by H,S0, 
the protein did not precipitate in the acetone but formed a stable suspen. 
sion. Addition of 2 drops of a 1 per cent detergent solution (Teepol) ty 
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Fig. 4. Cleavage of oxyhemoglobin and carboxyhemoglobin with HCl at ionic 
strength 0.04. 


the 20 ml. of acetone precipitated the protein. When it was determined 
that the detergent did not interfere with the splitting process, it was used 
throughout the H.SO, cleavage procedure. 

Cleavage of HbCO—-An even more pronounced break in the acid cleavage 
curve was noted with HbCO (Fig. 4). At approximately 25 per cent split- 
ting, there was a slight plateau in the curve. The cleavage was carried out 
only with HCl at » = 0.04. The presence of ascorbic acid did not remove 
the break in the curve (see HbO, cleavage). The spectrum of the material 
cleaved at pH 5.5 was identical with that of hemin chloride. 

Cleavage of HbO.—HbO, was split with HCl at » = 0.04. It was found 
that only approximately three-fourths of the hemin could be removed even 
at pH 1 (Fig. 4). The acid-stable material was brown in color, with weak 
absorption bands at 630 and 500 my. This is in contrast to the bright red 
color of denatured globin hemichrome observed when hemoglobin deriva 
tives are added to acetone. It has been reported (8) that, upon acidifica- 
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tion of HbOs, oxidation of globin occurs. This oxidation of the protein 
can be prevented by the addition of ascorbic acid (9). Since it appeared 
likely that the incomplete removal of the hemin from HbO, was caused in 
some manner by these oxidative changes in the globin, the cleavage was 
also tried in the presence of ascorbic acid. 
of the hemin could be effected (Fig. 4). 
for the cleavage of 10 mg. of HbOs. 
as was noted with MetHb. 

Cleavage of Met Mb—MetMb was cleaved with HCl and H.SO, at ionic 
strengths of 0.04 and 0.2 (Figs. 5 and 6). With HCl and » = 0.04 the 
MetMb was completely cleaved at pH 3.6. This value is 0.4 of a pH unit 


In this case complete removal 
0.15 mg. of ascorbic acid was used 
No break in the curve was observed, 
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Fie. 5. Acid cleavage of metmyoglobin. 
Fig. 6. Logarithmic plot of the acid cleavage data for metmyoglobin. 


higher than for MetHb treated in the same manner. No break in the curve 
was noted except at approximately 10 per cent cleavage. By increasing 
the chloride concentration, the point of cleavage was shifted toward less 
acid conditions. The slope of the logarithmic curve was approximately 3 
at both chloride concentrations. 

Substitution of H.SO, for HCl caused the cleavage to occur at a much 
more acid pH, but the sulfate ion concentration had no influence on the 
slitting. A smooth curve instead of a straight line was obtained from the 
logarithmic plot of the data. 

The usefulness of the acid cleavage procedure in determining the pur- 
ity of a heme protein preparation was demonstrated during the prepara- 
tion of MetMb. Before the fractional centrifugation step described by 
Theorell (5) was employed, the crystallized MetMb appeared homogeneous 
under the microscope; i.e., no amorphous material was noted. However, 
when subjected to the acid cleavage procedure, a curve with two breaks 
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was obtained, which indicated the presence of three substances. The in. 
homogeneity of the myoglobin preparation was subsequently confirmed by 
electrophoresis. 

The purification of the MetMb by the fractional centrifugation procedure 
was found to be facilitated if large MetMb crystals were used. By slow 
crystallization of the impure MetMb from ammonium sulfate solution at 
pH 6.75 instead of 7.0, large six-sided plates were formed, together with 
small, narrow prisms. Slow crystallization was effected by addition of 
ammonium sulfate to the MetMb solution to the point of incipient cloudi- 
ness, and then the crystals were allowed to form overnight. The pH was 
measured with a glass electrode on the undiluted ammonium sulfate solu. 



































100+» 
See 
375; aa" 
q ely 
uj sis 
ow VUlTYU 
Oso4 M 5 07 
a 44 
2 
oi25t 55-14 
a a 
°o 
andl 
. 3 i 
2 EF 
Fic. 7 Fie. 8 


Fig. 7. Acid cleavage of horseradish peroxidase. 
Fia. 8. Logarithmic plot of the acid cleavage data for horseradish peroxidase. 


tion. Upon fractional centrifugation, the large crystals could be obtained 
almost completely free of the smaller crystals. Electrophoresis indicated 
approximately 94 per cent homogeneity. The smaller crystals were lex 
homogeneous. 

Cleavage of HRP--HRP was found to be much more stable to HCl clea 
vage than either MetHb or MetMb (Figs. 7 and 8). Complete splitting 
did not take place until pH 2.4. An unbroken cleavage curve was ob 
tained. The chloride ion effect was noted, as with the other heme pro 
teins. The use of H.SO, caused the point of maximal cleavage to be shifted 
to pH 2.1, and the sulfate ion concentration had no influence on the split 
ting. The slope of the line for the logarithmic plot of the HCl cleavage 
data was approximately 2. 

Cleavage of Catalase—A break in the splitting curve for catalase occurred 
at 25 per cent cleavage when HCl was employed (Figs. 9 and 10). The 
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point of complete cleavage was the same as that for HRP; however, if the 
portion of the curve representing the first one-fourth of the hemin cleaved 
is disregarded, the slope of the catalase and HRP cleavage curves is very 
different. ‘The slope of the logarithmic line was 4 for catalase as com- 
pared with 2for HRP. An increase in the chloride ion concentration facili- 
tated the cleavage. The use of H.SO, instead of HCl shifted the point of 
complete cleavage to pH 2.1, and the sulfate ion concentration was again 
found to be without effect in the cleavage. 
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Fig. 9. Acid cleavage of catalase. 
Fig. 10. Logarithmic plot of the acid cleavage data for catalase. 


DISCUSSION 


The pH values for maximal cleavage of MetMb, MetHb, HRP, and 
catalase by HCl were 3.6, 3.2, 2.4, and 2.4, respectively. The difference in 
the amount of acid needed to cleave MetHb and MetMb indicates a dis- 
similarity in the heme linkages of these two oxygen-carrying pigments. On 
the other hand, complete cleavage of both HRP and catalase occurred at 
the same pH value, which suggests that the heme-linked groups of these 
two proteins may be quite similar. The greater resistance of catalase and 
peroxidase toward acid cleavage is very likely related to the greater over- 
all stability of these two proteins. 

The different degrees of acid stability of these heme compounds is also 
indicated by comparing the pH values at which the logarithm is equal to 
0. These pH values for MetMb, MetHb, HRP, and catalase were 4.1, 3.8, 
3.1, and 2.8, respectively. 

Even though varying degrees of stability toward HCl cleavage were noted 
for the four heme proteins, the magnitude of the shift toward lower pH 
values when the ionic strength was increased from 0.04 to 0.2 was the same 
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for all four compounds. The chloride ion concentration effect reported 
by Maehly (10) for the acid cleavage of HRP in water solution has, there. 
fore, been confirmed by this cleavage procedure. The chloride ion effect 
was also found to hold for MetHb, MetMb, and catalase. Recently Boer; 
et al. (11) have reported striking chloride effects to take place upon acidif.- 
cation of cytochrome c with HCl in water solution. The behavior of these 
heme compounds when treated with HCl appears to indicate that some 
common mechanism is operating in the HCl cleavage of these compounds, 

The increase in stability of the heme linkages when H.SO, is employed 
instead of HCl was found for all the heme proteins tested. Maehly (10) 
first noted this phenomenon with HRP. The point of complete cleavage 
by H.SO, was the same (pH 2.1) for the four heme compounds, even though 
a wide range of stability toward HCl cleavage was noted. The increased 
stability, therefore, was not as striking for HRP and catalase as it was for 
MetHb and MetMb, since HRP and catalase were cleaved at pH 2.4 with 
HCl. The shape of the logarithmic plot of the H.SO, cleavage data was 
almost identical for the four heme proteins. This suggests that the mode 
of H.SO, cleavage is very similar for the four compounds. 

A possible explanation for the increased difficulty in cleaving the hemin 
from the globin with H.SO, is suggested in the apparent difference in the 
type of bonding present in hemin chloride and sulfate. The hydrogen ion 
concentration required for the formation of the sulfate during the splitting 
may be much higher than in the case of the chloride formation. Also of 
importance here may be the spatial relationships existing in the bonding 
of the ferriprotoporphyrin and sulfate ions. The union of an SO, ion with 
the iron porphyrin would require two iron porphyrin moieties per molecule, 
whereas an HSO; ion would require only one such group. The curved 
shape of the logarithmic plot of the H.SO, cleavage data instead of a 
straight line may arise from the formation of both the acid sulfate and sul- 
fate over the pH range required for cleavage of the hemin from the protein. 

The reason for the failure of an increase in the sulfate ion concentration 
to cause a shift in the splitting, while the chloride ion concentration brings 
about such a change, may very likely also stem from a difference in the 
iron-anion linkage of the hemin chloride and hemin sulfate. 

The apparent dissimilarity of one of the four hemins of MetHb, as indi- 
cated by the acid cleavage curve, may be attributed to one or more of the 
following reasons. (1) Because of heme-heme interaction, the removal of 
the first heme takes place over quite a wide pH range, but, once this first 
heme is removed, the remaining three hemes are readily cleaved upon the 
addition of more acid. It is of interest to note that catalase, which also 
possesses four hemes per molecule, gave a broken cleavage curve. (2) 
There is an actual difference in the type of linkage by which one of the 
hemes is bound to the protein. Theorell and Ehrenberg (12) have sug- 











ges 
iro] 
tio! 
of t 
cas 
fou 


infl 
pla, 
tior 
asc 
atti 


acic 
glol 
plac 
prov 


for 
HC 
tha: 
pres 
of i 
by’ 


pur 
Of 1 
hon 
test 
neo 
this 
ther 
one 


neit 
hem 


in tl 


orted 
here- 
effect 
Boeri 
cidifi- 
these 
some 
yunds, 
loyed 
y (10) 
avage 
hough 
reased 
ras for 
4 with 
[a was 
mode 


hemin 
in the 
en. 100 
litting 
\lso of 
onding 
m. with 
lecule, 
curved 
d ofa 
nd sul- 
rotein. 
tration 
brings 
in the 


as indi- 
> of the 
oval of 
nis first 
pon the 
ich also 
re. (2) 
» of the 
ve sug- 





U. J. LEWIS 119 


gested such a possibility to explain the unusual magnetic susceptibility of 
iron in alkaline methemoglobin. (3) Upon acidification, protein denatura- 
tion occurs, which alters the heme linkages, and this alteration permits one 
of the hemes to be more easily cleaved than the other three. If this is the 
case, such a change in the heme linkages occurs only in the compounds with 
four hemes since no such effect was noted with MetMb and HRP. 

Interpretation of the HbCO cleavage data is more difficult, since the 
influence of the carbon monoxide-hemoglobin linkage may also come into 
play. However, one heme is definitely removed under milder acid condi- 
tions than the other three. Since cleavage of HbCO in the presence of 
ascorbic acid failed to alter the shape of the curve, the break cannot be 
attributed to the same oxidative changes which come into play when HbO, 
is cleaved. 

A detailed study was not made of the substance formed when HbO; is 
acidified with HCl. However, it seems very likely that, upon oxidation of 
globin during the cleavage, formation of a reactive group (or groups) takes 
place, which forms a very stable linkage with hemin or a hemin breakdown 
product. 

Since MetMb and HRP contain only one heme per molecule, it would 
be expected that steep cleavage curves with no breaks would be obtained 
for these two compounds. This was found to be essentially the case when 
HCl was employed. A slight break was noted in the region of pH 4.5 (less 
than 10 per cent cleavage) for MetMb, which is probably caused by the 
presence of the other substances noted during electrophoresis. The point 
of initial splitting of MetMb corresponds very well with the value given 
by Theorell and Ehrenberg (12) for the limit of acid stability of MetMb. 

The usefulness of the acid cleavage method as a criterion for judging the 
purity of heme protein preparations was demonstrated during these studies. 
Of the heme proteins with one heme per molecule, HRP was found to be 
homogeneous in the acid cleavage procedure as well as in other homogeneity 
tests. Myoglobin preparations which had been considered to be homoge- 
neous were found to be inhomogeneous in the acid cleavage procedure, and 
this was confirmed by electrophoresis. The acid cleavage procedure can, 
therefore, be used directly as a homogeneity test with heme proteins with 
one heme per molecule. In the case of a chromoprotein with four hemes 
per molecule, a break in the cleavage curve may indicate either inhomoge- 
neity of the preparation or a difference in the ease of cleavage of the four 
hemes from the protein. 


SUMMARY 


The method of cleaving heme proteins by acid-acetone has been utilized 
in the development of a cleavage procedure which correlates the amount of 
hemin split off with a definite pH value. 
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The pH values for maximal cleavage of MetMb, MetHb, HRP, and cata. 
lase by HCl were 3.6, 3.2, 2.4, and 2.4, respectively. An increased chloride 
concentration facilitated the HCl cleavage of these compounds. Use of 
H.SO, instead of HCl shifted the point of maximal splitting of all four heme 
proteins to a common pH value of 2.1. The sulfate ion concentration had 
no effect on the degree of cleavage. Hemin sulfate was prepared and found 
to have a different absorption spectrum from that of hemin chloride. 

During the HCl cleavage of MetHb and catalase, one-fourth of the hemin 
of these compounds was removed much more easily than the other three. 
fourths. HbCO behaved similarly. Complete removal of hemin could not 
be effected in the case of HbO: unless ascorbic acid was present. 

The acid cleavage procedure was demonstrated to be of value in judging 
the purity of heme protein preparations in cases in which the chromoprotein 
contained one heme per molecule. 


The author wishes to thank Professor H. Theorell and Dr. K.-G. Pay] 
for their helpful advice and continued interest in this work. 
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PREPARATION OF 2- AND 6-PYRIDONES OF 
N'-METHYLNICOTINAMIDE* 


By MAYNARD E. PULLMAN anno SIDNEY P. COLOWICK 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 
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In the course of experiments designed to elucidate the structure of re- 
duced diphosphopyridine nucleotide (DPNH) (12), it became necessary to 
prepare the 2- and 6-pyridones of N'-methylnicotinamide' by oxidation of 
the latter. Huff (5) has described the preparation of N'-methyl-6-pyri- 
done-3-carboxylic acid by alkaline ferricyanide oxidation of either trigonel- 
line or N'!-methylnicotinamide. The acid derivative could then be con- 
verted to the amide derivative by reaction with thionyl chloride and am- 
monia. Knox and Grossman (8, 9) subsequently reported a direct prepara- 
tion of the 6-pyridone of N'-methylnicotinamide by enzymatic oxidation 
of the latter. On this basis they concluded (10) that the 6 carbon of the 
quaternary nicotinamide structure was the reactive carbon, and as such 
would be the position involved not only in the oxidation, but also in the 
reduction of N'-methylnicotinamide. They suggested, therefore, that di- 
hydro-N'!-methylnicotinamide, the compound originally studied by Karrer 
and collaborators (7) as a model of the DPNH structure, and more recently 
crystallized by Karrer and Blumer (6), was the 1,6-dihydro derivative. 
However, shortly after this suggestion by Knox and Grossman, Holman 
and Wiegand (4) reported the isolation of only the 2-pyridone of N!-methyl- 
nicotinamide from the alkaline ferricyanide oxidation of N'-methylnico- 
tinamide. The latter authors, in order to account for their apparent 
disagreement with the results of Huff, proposed that, under the experi- 
mental conditions employed by Huff, some hydrolysis of the amide group 


* Contribution No. 55 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, the Williams-Waterman Fund, and the Rockefeller 
Foundation. 

t Predoctorate Fellow, National Cancer Institute, National Institutes of Health. 
From a dissertation submitted to the Faculty of Philosophy of The Johns Hopkins 
University in conformity with the requirements for the degree of Doctor of Philoso- 
phy. Present address, Department of Pediatrics, The Johns Hopkins University, 
Baltimore, Maryland. 

‘The compounds 1-methy]-3-carboxamide-2-pyridone and 1-methy]-3-carboxam- 
ide-6-pyridone will be referred to as the 2-pyridone and 6-pyridone, respectively, of 
N'-methylnicotinamide. 1-methyl-3-carboxamide pyridinium salts (chloride or io- 
dide) will be referred to as N'-methylnicotinamide. 


121 








122 PYRIDONES OF N!-METHYLNICOTINAMIDE 


occurred prior to oxidation (14). It is generally agreed (2, 4, 5) that 
alkaline ferricyanide oxidation of trigonelline results in the production of 
only the 6-pyridone of N'-methylnicotinic acid. They suggested, there. 
fore, that Huff actually had obtained a mixture of both the 2-pyridone of 
N'-methylnicotinamide and the 6-pyridone of N'-methylnicotinic acid but 
had only isolated the acid derivative. The conclusion of Holman and 
Wiegand that the chemical oxidation of N'-methylnicotinamide occurs only 
at carbon 2 has also been reached by Bradlow and Vanderwerf (2). 

The present paper demonstrates, however, that, in fact, both the 2- and 
6-pyridones of N'-methylnicotinamide are formed by the alkaline ferri- 
cyanide oxidation procedure and that it is possible, by appropriate pro- 
cedures, to isolate both compounds in approximately equal yields. The 
failure of the earlier investigators to detect the 6-pyridone of N'-methyl- 
nicotinamide as a product of the chemical oxidation procedure is attribut- 
able to the low solubility of this compound in chloroform, the solvent com- 
monly used for extraction of the products. The fact that carbons 2 and § 
of N'-methylnicotinamide are equally susceptible to chemical oxidation 
makes it essential to revise the earlier view of Knox and Grossman (10) 
that carbon 6 is necessarily the reactive carbon for oxidation (or reduction) 
of N'-substituted nicotinamide derivatives. 


EXPERIMENTAL 


Nature of Products of Alkaline Ferricyanide Oxidation of N'-Methylnico- 
tinamide—A combination of spectrophotometric and fluorometric analyses 
of the final reaction mixture of N'!-methylnicotinamide and alkaline ferri- 
cyanide indicated that two products were formed. Both products can be 
extracted into isobutanol. These extracts show a strong blue fluorescence, 
characteristic of the 2- but not of the 6-pyridone of N'-methylnicotinamide. 
The spectrum of the isobutanol extract, exhibiting peaks at 260 and 320 
muy, is almost identical with that obtained from the sum of the spectra of 
the authentic? 6- and 2-pyridones of N'-methylnicotinamide which indi- 
vidually exhibit peaks at 260 and 330 my, respectively, in isobutanol (260 


? The authentic 6- and 2-pyridones of N'-methylnicotinamide, kindly supplied 
by Merck and Company, Inc., were prepared by the methods of Huff (5) and Holman 
and Wiegand (4), via alkaline ferricyanide oxidation of N'-methylnicotinic acid and 
N'-methylnicotinamide, respectively. The structures of the products obtained by 
these procedures are quite firmly established, since the compounds so isolated are 
identical in properties with the respective 6- and 2-pyridones prepared by methods 
designed to establish their structures unequivocally. Thus, the 6-pyridone, pre- 
pared chemically according to Huff (5), or biologically according to Knox and Gross- 
man (8,9), is identical with that prepared from coumalic acid according to von Pech 
man and Welsh (13). The 2-pyridone, prepared according to Holman and Wiegand 
(4), is identical with that prepared from 2-hydroxynicotinic acid according to Brad- 
low and Vanderwerf (2). 
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and 325 mp in water). Table I indicates the conditions of the reaction, the 
relative amounts of each pyridone formed, and the effect of alkali concen- 
tration.2 Whereas the 6-pyridone exhibits a small amount of absorption 
at 330 my, it contributes little or no absorption at 340 my. For this rea- 
son the 2-pyridone was assayed at 340 my rather than at its peak at 330 
mu (see Samples 1 and 2, Table 1). In addition, the amount of 2-pyridone 
formed may be checked by measuring the fluorescence in the isobutanol 
extracts. The reaction mixtures were acidified before extraction with iso- 


TABLE I 


Spectrophotometric and Fluorometric Measurements of Pyridones Formed by Alkaline 
Ferricyanide Oxidation of N'-Methylnicotinamide 

The reaction mixtures consisted of the additions listed (total volume 1 ml.). 
Temperature 30°. 3 minutes after the addition of NaOH, 1 ml. of n HCl and 8 ml. 
of isobutanol were added. The mixtures were shaken for 1 minute, and 2 ml. of 
the isobutanol layer were diluted with 8 ml. of isobutanol for fluorometric and spec- 
trophotometric measurements. The readings were made, with isobutanol as a 
blank, on a Coleman fluorometer with the thiamine filter. 


: ; > satonsiisitaliaiaeiietaetiaion 


Readings in isobutanol extract 


Additions, um REN Gees rca 











Fl . 
——n | | ae | Spectrophotometric 
ties Authentic |VUMethyl-| ea wre err eran 
. oe K3Fe- | - | Scal | | 
‘shines | soillioe| Se) >| PO" lami) Se | oe 
| | i | a i Seca as a = a 
—s =~ = a a ee ee 7 | Yee | 
1 | 10 | 40 | | 78 | 0.120 | 1.180 
> 4% | 10 | | 40 | | O | 2.200 | 0.012 
3 | | 20 | 40 | 50 | 19 | 0.678 | 0.208 
4 | 20 | 40 | 100 | 36 1.110 | 0.387 
5 20 | 40 500 87 1.890 | 0.940 
5 20 | 500 1 0.290 | 0.004 
7 | | 40 500 2 0.035 | 0.008 


butanol in order (a) to stop the reaction at the desired time and (b) to 
avoid interference by fluorescent products resulting from isobutanol addi- 


* Tt should be noted that in all experiments the addition of alkali was made either 
after or simultaneously with the addition of ferricyanide. Exposure of N'!-methyl- 
nicotinamide to alkali alone, at the concentrations used, results in rapid decomposi- 
tion. This is indicated by the instantaneous appearance of a broad absorption band, 
characterized by increased optical density in the region from 260 to 340 my, possibly 
representing pseudo base formation, followed by rapid disappearance of this band 
over a period of several minutes. The resulting product, although showing the 
same absorption spectrum as the original N'-methylnicotinamide (absorption maxi- 
mum at 260 my), no longer forms the cyanide complex typical of N}-substituted 
nicotinamide derivatives (3). 
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tion in alkaline medium (11). It can be seen, by comparing the fluoro. 
metric and the spectrophotometric data at 340 my of Samples 1 and 5, that 
approximately 10 uM of the 2-pyridone are formed from 20 um of N'-methy|- 
nicotinamide. By comparing Samples 2 and 5 at 260 muy it can be seen 
that approximately 10 um of 6-pyridone are also formed. Thus, at an 
alkali concentration of 0.5 N, the conversion to an equal mixture of the 2. 
and 6-pyridones is complete in 3 minutes. Under the conditions used in 
Sample 5, the reaction has been found to be 85 per cent complete after 30 
seconds in the alkaline medium. Samples 3 and 4, containing 0.05 and 0.1 
n NaOH, respectively, indicate that the reaction rate is dependent on the 
alkali concentration. 

Samples 6 and 7 are controls, demonstrating that both N'-methylnico- 
tinamide and ferricyanide must be added in order to obtain the observed 
spectrophotometric and fluorometric values. It will be noted in Sample 6 
that some material absorbing at 260 my appears in the acid isobutanol 
extract after incubation of N'-methylnicotinamide with alkali. This ma- 
terial, representing products of the alkaline decomposition of methylnico- 
tinamide,? would not be expected to be formed in the complete reaction 
mixture. 

Additional evidence bearing on the completeness of the reaction and the 
relative amounts of each pyridone formed under the conditions in Sample 5 
was obtained by chromatographing suitable aliquots of the reaction mixture 
at the end of the 3 minute incubation and eluting the spots with H,0. 
An ascending chromatogram was run on No. 4 Whatman filter paper in an 
isobutanol-ammonia solvent (1). The positions of the spots were deter- 
mined with Mineralight and black Raymaster ultraviolet lamps for detec- 
tion of quenching and fluorescent spots, respectively. Two spots were 
observed to have migrated from the origin: one, a quenching spot, corre- 
.sponded in R, to the authentic 6-pyridone of N'-methylnicotinamide while 
the other, a fluorescent spot, corresponded in Rr to the authentic 2-pyri- 
done. When this procedure was carried out with trigonelline instead of 
N'-methylnicotinamide, only one spot appeared, with an Ry corresponding 
to that expected for the 6-pyridone of N'-methylnicotinic acid (1). When 
the spots were eluted with water, the spectra were found to be identical 
with those of the eluted authentic pyridones. On the basis of the absorp- 
tion of the eluates at 260 and 340 my, it was clear that the reaction had 
gone to completion and that approximately equal amounts of each pyri- 
done were formed. The actual yields of eluted material, per 20 um of 
N'-methylnicotinamide, were 9.9 um of 6-pyridone and 8.4 um of 2-pyridone. 
Higher alkali or ferricyanide concentrations and longer incubations seemed 
to have no effect on these results. 

Isolation Procedure—Final evidence concerning the nature of these prod- 
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- ucts was obtained by the isolation and identification of the crystalline 


t material. A typical experiment is described below.‘ 

|. N'-Methylnicotinamide iodide (453 mg., representing 1710 um) was dis- 

n solved in 12 ml. of water. To this solution were added 8 ml. of alkaline 
ferricyanide solution to give a final concentration of 0.5 n NaOH and 0.3 

). m potassium ferricyanide. After incubation for 30 minutes at room tem- 


in perature, the dark green alkaline reaction mixture was placed on a Dowex 
0 monobed column consisting of 3 parts Dowex 1 hydroxyl form and 1 part 
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Fig. 1. Absorption spectra of pyridones of N'-methylnicotinamide. O, isolated 

rre- : h ¢ ‘ a 
‘ pyridones; @, authentic pyridones. The values are for solutions containing 15.2 
hile mg. of dry substance (mol. wt. 152) per liter of H.O. 
yn- 


1 of Dowex 50 hydrogen form (50 to 100 mesh). It was found necessary to use 


ling afairly large column, 12 cm. high and approximately 50 mm. in diameter. 
hen | The effluent from the column was nearly colorless and slightly acidic. 
‘ical 


The column was washed with seven 50 ml. portions of water. The yields 
orp- of 2-pyridone and 6-pyridone in effluent plus washings were 529 and 803 
uM, respectively, based on spectrophotometric measurements. This repre- 
yn sents a total yield of 78 per cent at this stage. 


aM of The combined solutions were then taken to dryness in vacuo. The last 
one. 
med ‘The same procedure has been carried out many times with results comparable to 


those described here. The methylnicotinamide iodide used in this particular case 
was asample labeled with deuterium, derived from enzymatic reduction and chemical 
yrod- reoxidation of diphosphopyridine nucleotide (12). 
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traces of water were removed by adding benzene and repeating the drying 
procedure. The dried residue was then extracted with 4 ml. portions of 
hot chloroform until fluorometric determinations indicated that all of the 
2-pyridone was extracted. As mentioned earlier, the 6-pyridone is rela. F 
tively insoluble in chloroform, and therefore was undetected by previous 
investigators. The chloroform extracts were combined and taken to dry. 
ness, and the residue dissolved in hot methanol. Upon cooling, the com. 
pound crystallized in the form of pale yellow needles. The 6-pyridone 
was then extracted with an excess of hot methanol. The methanol extrac 
was then concentrated and, upon cooling, the compound crystallized in the 
form of white needles. Yields, 6-pyridone 36.4 mg., 2-pyridone 34.8 mg. 
The compounds were recrystallized from methanol and dried in vacuo over 
P.O; at 100° prior to analysis. 








TABLE II 
Comparison of Authentic and Isolated Pyridones 
| R , ] 
Compound (echutencl-eumente) M.p. 
ere = _ ' i? é 
2-Pyridone (authentic).................. 0.40 222-223 
e OS EO PORE 0.39 218-221 
6-Pyridone (authentic) enten 0.30 213-215 
™ Sy SRE Sia. ae ear 0.30 203-210 
6-Pyridone acid* (authentic) 0.04 240-241 
" ** (isolated)... as 0.02 238-240 





* 1-Methyl-6-pyridone-3-carboxylic acid. 


Identification of Isolated Products—The spectra of the authentic pyr: 
dones and of the isolated products are given in Fig. 1. 

Additional evidence bearing on the nature of the isolated products i 
given in Table II. The Ry values were obtained in a water-saturated iso 
butanol-ammonia solvent (1). The 6-pyridone acid included in Table I] 
was prepared from the 6-pyridone isolated in a different experiment. The 
hydrolysis and isolation of the acid derivative were carried out in the 
manner described by Holman and Wiegand (4). 


SUMMARY 


A method is described for the preparation and isolation of the 2- an 
6-pyridones of N'-methylnicotinamide by oxidation of the latter wit 
alkaline ferricyanide. 
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While the chemical structure of diphosphopyridine nucleotide (DPN) 
has long been recognized, definitive evidence regarding the site of the re- 
yersible oxidation-reduction of the nicotinamide moiety has heretofore 
been lacking. 

Warburg (14) had recognized that the hydrogen-transferring component 
of pyridine coenzymes was the nicotinamide moiety and in collaboration 
with Karrer (9) concluded that the nicotinamide moiety was bound in the 
coenzyme as a quaternary salt. Their conclusions were based largely on 
the similar behavior of the coenzyme and N'-methylnicotinamide upon re- 
duction. Karrer et al. (7, 8) studied the nature of the products obtained 
upon chemical reduction of the latter compound (and other N'-substituted 
pyridine derivatives) with sodium hydrosulfite. Comparing chemical and 
physical properties of the isolated product with known ortho and para di- 
hydro compounds, they concluded that the isolated compound was N!- 
methyl-o-dihydronicotinamide. The question as to which of the two or- 
tho positions was involved was left open. It is essentially on this evi- 
dence that it has generally been assumed that reduction of DPN also occurs 
ortho to the ring nitrogen. 

Recently Knox and Grossman (10) have suggested that Karrer’s reduced 
compound is N'-methyl-1 ,6-dihydronicotinamide. The merits of this hy- 
pothesis, in the light of later evidence, have been discussed (11). 

In this paper, experiments are described which indicate that neither ortho 
position is involved in the reduction of DPN, but rather that the para posi- 
tion of the nicotinamide ring is the actual site of reduction. 
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National Research Council, the Williams-Waterman Fund, and the Rockefeller 
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STRUCTURE OF REDUCED DPN 


Principles of Procedure 


An approach to this problem was suggested by the recent work of West. 
heimer et al. (15) in which they demonstrated, using deuterium as a tracer, 
that the oxidation of ethanol by DPN, in the presence of yeast alcohol de. 
hydrogenase (ADH), occurred by a direct transfer of hydrogen from alcohol 


to DPN. It was later shown by Fisher et al. (3) that the reaction js 





CON H5 
DPN 
DPND 
CcC—D C-——H DPN (D) 
Y ee 
44% 56% 
DIAGRAM 1 


sterically specific with respect to DPN. That is, deuterium-labeled re 
duced DPN (DPND), prepared from DPN and 1, 1-dideuterioethanol, in 
the presence of yeast ADH, transferred all of its deuterium to acetaldehyde 
upon subsequent enzymatic reoxidation. However, DPND, prepared 
chemically with sodium hydrosulfite in the presence of heavy water, trans 
ferred only a little more than half of its deuterium upon subsequent et- 
zymatic reoxidation. Diagram 1 indicates their interpretation of thee 
results. The carbon atom which undergoes chemical reduction is reduced 
on either side of the plane of the pyridine ring. The enzyme, being speeifit 
for only one side of the plane, removes only that amount of deuterium 
which had been introduced into that position. 
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Thus, it is possible to obtain oxidized DPN containing deuteriyy 
(DPN(D)) in the nicotinamide moiety. This then permits one to decide 
from studies on the oxidized nucleotide, which carbon of the pyridine ring 
was reduced, providing the location of the remaining deuterium can be 
determined. 

It was felt that a possible approach to the problem of deciding which 
position was reduced would be to prepare the 2- and 6-pyridones of the 
oxidized nucleotide, as indicated in Diagram 2. If the deuterium wer 
located at the 2 position, then one could expect, upon oxidation of the 


D 
| 


)—conHs 


N 
it 

D R D 

1 | 

| ~ —CONH> ‘ ea 
=O Oo= 

N 

| | 

R R 

2 PYRIDONE 6 PYRIDONE 
DIAGRAM 3 


nucleotide to the 2- and 6-pyridones, that deuterium would be found only 
in the 6-pyridone and not in the 2-pyridone. Conversely, if the deuterium 
were located at the 6 position, then only the 2-pyridone would contain 
deuterium. If, however, the deuterium were located in the para posi 
tion, as indicated in Diagram 3, then both pyridones would contain equal 
amounts of deuterium.! 

Since the preparation of the pyridones of DPN has not been described, it 
was decided to replace the R group, which, in Diagram 3, represents the 
remainder of the DPN molecule, with a methyl group. The preparation 


1 It should be emphasized that these reactions are only theoretical as applied to 
DPN, since one does not know which position (if any) in the pyridine ring of DPN 
would undergo oxidation to the corresponding pyridone. 
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of the 2- and 6-pyridones of N'-methylnicotinamide by alkaline ferricyanide 
oxidation of the latter compound has already been described (11). 
The general procedure employed is shown by the following reaction se- 


quence. 








Na2S20,4 CH;CHO 
—!—— DPND ———— 2N 
(1) DPN D.0 ADH DPN (D) 
CH;CD.OH neutral 
DPN — DPND — DPN(D 
(l, @) ADH ferricyanide @) 
DPNase 
(2) DPN(D) —————> nicotinamide 
als F CHI ai das se ea 
(3) Nicotinamide ——————> N'-methylnicotinamide iodide 


alkaline 
N'-Methylnicotinamide iodide - > 
(4) ferricyanide 





6-pyridone (50%) + 2-pyridone (50%) 


DPN was reduced by sodium hydrosulfite in the presence of heavy water, 
yielding a mixture of the two stereoisomers of DPND. The isolated re- 
duced DPN was then reoxidized by acetaldehyde in the presence of yeast 
ADH, yielding, as mentioned previously, deuterium-labeled oxidized DPN. 
In other experiments, the procedure for obtaining labeled oxidized DPN 
was reversed. That is, as indicated in Reaction 1, a, DPN was reduced 
enzymatically by means of crystalline yeast ADH and 1, 1-dideuterioeth- 
anol. The labeled, reduced DPN was then reoxidized with neutral ferri- 
cyanide. The DPN(D) was then cleaved by DPNase and the resulting 
nicotinamide diluted by a known factor with unlabeled nicotinamide and 
isolated by crystallization from benzene. Following the methylation of 
the nicotinamide with methyl iodide, the N'-methylnicotinamide iodide was 
oxidized with alkaline ferricyanide. The oxidation has been found to 
yield approximately equal quantities of the 2- and 6-pyridones, which were 
then isolated separately (11). Finally, the crystalline preparations of 
nicotinamide, N'-methylnicotinamide, and the 2- and 6-pyridones were 
analyzed for deuterium. 


Results 


The results of the isotope measurements are indicated in Table I. In 
Experiments 1 and 2, in which the deuterium-labeled oxidized DPN was 
prepared by chemical reduction followed by enzymatic oxidation, it can 
be seen that the deuterium values for both pyridones are equal; indeed, no 
deuterium is removed upon conversion of the nicotinamide via N'-methyl- 
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nicotinamide to the pyridones. These results indicate that neither the 2 
nor the 6 position contains deuterium, but that the deuterium is located at 
either carbons 3, 4, or 5. From considerations of electronic structure, the 
two meta positions, namely carbons 3 and 5, may be ruled out; hence, it 
was concluded that the remaining deuterium is located at the 4 or para 
position of the nicotinamide moiety. 

Experiment 3, in which the labeled oxidized DPN was obtained in the 
reverse manner (i.e. by enzymatic reduction followed by chemical oxida- 
tion), confirmed the results of Experiments 1 and 2. Again it may be seen 
that the deuterium values for both pyridones are equal; moreover, they are 
equal in deuterium content to the nicotinamide and N'-methylnicotin. 





amide. 
TABLE I 
Results of Isotope Measurements 
. Deuterium content, atoms per molecule* 
Experi-| Reduction of | Oxidation of | 
ment r — | 
No. DPN DPN i Ni-Methyl- 
| Nicotinamide ckessindniine 2-Pyridone 6-Pyridone 
| 
1 Chemical | Enzymatic 0.32 0.28 0.28 0.28 
y 
2 | P 0.27 0.28 0.29 0.29 
3 Enzymatic | Chemical 0.67 0.72 | 0.62 0.67 
4 ” Enzymatic 0.03 | 
5a | Chemical | a“ | 0.30 | 
5b " | Chemical | 0.54 | | 





* Values corrected for dilution by carrier. 


Experiment 4 shows the result of enzymatic reduction followed by en- 
zymatic reoxidation. The resulting nicotinamide was practically devoid of 
deuterium, in agreement with the results of Fisher et al. (3). This experi- 
ment establishes the validity of the procedure used, since it leaves no doubt 
that the deuterium remaining in the DPN, after enzymatic reduction and 
chemical oxidation, was on the enzymatically reactive carbon. 

It can be seen in Experiment 3 that the enzymatic reduction-chemical 
oxidation procedure leaves about 0.67 mole of deuterium per mole of oxi- 
dized DPN, whereas, in Experiments 1, 2, and 5a, the chemical reduction- 
enzymatic oxidation leaves only about 0.3 mole of deuterium per mole. 
Experiment 5b shows that, when both the reduction and oxidation are per- 
formed chemically, an intermediate value of 0.54 mole of deuterium per 
mole is obtained. In Experiments 5a and 5b, portions of the same sample 
of chemically reduced DPN were subjected to enzymatic and chemical 
oxidation, respectively. 
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DISCUSSION 


An interpretation of the data is presented below (Diagram 4). Since the 
results appear to rule out reduction of DPN in either of the ortho positions 
of the nicotinamide moiety and since, as mentioned earlier, the meta posi- 
tions may be ruled out on theoretical grounds, it is concluded that reduc- 
tion occurs in the para position as indicated. Enzymatic reduction with 
deuterioalcohol (Reaction 2) would yield 100 per cent of one stereoisomer, 
as suggested by Fisher et al. (3). Reduction with hydrosulfite in heavy 
water (Reaction 1) would yield 72 per cent of the same stereoisomer and 28 
per cent of the other isomer, thus accounting for the finding that enzymatic 
oxidation of chemically reduced DPN leaves only 28 per cent of the deu- 
terium. The discrepancy between this value of 28 per cent and that of 44 
per cent reported by Fisher ef al. (3) remains to be resolved. Control ex- 
periments have ruled out the possibility of a loss of deuterium through ex- 
change during the action of DPNase.? 

As indicated in Reaction 2, oxidation of enzymatically reduced DPN by 
ferricyanide leaves about 65 per cent of the deuterium, indicating that the 
favored position for ferricyanide oxidation is opposite to that for chemical 
reduction. However, it has not yet been determined to what extent the 
observed partial specificity of ferricyanide is attributable to true stereospec- 
ificity as distinguished from an isotope effect. 

In view of the generally accepted assumption that reduction of DPN 
occurs in one of the ortho positions of the nicotinamide moiety, a few com- 
ments concerning the basis of this assumption seem necessary. As men- 
tioned earlier, Karrer et al. (8) isolated the product obtained by reduction 
of N'-methylnicotinamide with sodium hydrosulfite. By comparison of 
the following chemical and physical properties of known ortho and para 
dihydro compounds (ortho and para dihydro derivatives of collidinedi- 
carboxylic ester in particular), it was concluded that the isolated product 
was the ortho dihydro derivative: (1) ortho dihydro compounds in this 
series are deep yellow, while para dihydro compounds are almost colorless; 
(2) the ortho derivatives often do not crystallize, while the para derivatives 
are generally crystallizable; (3) ortho dihydro compounds reduce AgNO; 
solutions more strongly than do the para dihydro isomers; (4) finally, ortho 
dihydro isomers do not fluoresce (or at least not blue) as do the para di- 
hydro isomers. . Karrer also points out, however, that there are distinct 
differences in the above properties between ortho and between para di- 
hydro compounds which differ in their chemical structure; hence determin- 
ing the structure of a given dihydro compound on this basis loses some 


* The nicotinamide isolated after the cleavage of DPN by DPNase in heavy water 
was found to contain no deuterium. 
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of its significance. Furthermore, the more recent announcement from 
Karrer’s laboratory (6) of the successful crystallization of reduced N’- 
methylnicotinamide weakens somewhat the argument for the ortho posi- 
tion in point (2) above. In addition, it should be mentioned that reduced 
DPN does not meet the criterion for an ortho dihydro derivative specified 
in item (1) above, since it is essentially colorless. 

Finally, it should be pointed out that there is no necessary discrepancy 
between the results obtained by Karrer with N'-methylnicotinamide and 
the present results obtained with DPN, if the arrangement in reduced N'- 
methylnicotinamide is different from that in the reduced coenzyme. Ex- 
periments are underway to test this point, by an approach similar to the 
one just described, but with N'-methylnicotinamide iodide instead of DPN 
as starting material. 


EXPERIMENTAL 


The following descriptions provide examples of each of the procedures 
used. These procedures were combined in various ways as shown in 
Table I. All assays for DPN and DPNH, unless otherwise indicated, were 
carried out enzymatically (1), by using crystalline yeast alcohol dehy- 
drogenase (12) and measuring extinction changes at 340 mu. 

Chemical Preparation of Deuterium-Labeled Reduced DPN*—DPN (965 
mg. of Sigma ‘‘90,” representing 1300 um of pure DPN) was dissolved in 20 
ml. of 99.8 per cent deuterium oxide. Immediately following the addition 
of 425 mg. of NaHCO; and 750 mg. of sodium hydrosulfite, the vessel was 
evacuated and allowed to incubate for 35 minutes at 38°. 8 ml. of n NaOH 
were added and a rapid stream of oxygen was passed through the solution 
for 5 minutes. The pH of the solution was adjusted to 7.5 by the careful 
addition with stirring of 0.8 ml. of 5N HCl. To the solution were added 10 
ml. of 25 per cent barium acetate, and the resulting precipitate was re- 
moved by centrifugation. The supernatant solution was mixed with 5 
volumes of cold ethanol, and, after 5 minutes at 4°, the precipitate was 
collected by centrifugation. The precipitate was washed with cold ethanol- 
ether (4:1), then with ether, and finally was dried overnight in vacuo over 
phosphorus pentoxide. There were obtained 1.173 gm. of the barium salt 
(47 per cent purity by enzymatic assay) representing 614 um of reduced 
DPN (47.5 per cent of theory). 

Enzymatic Preparation of Deuterium-Labeled Reduced DPN—DPN (415 
mg. of Sigma “‘90,’’ 530 um by enzymatic assay) was dissolved in 39 ml. of 
0.5 m tris(hydroxymethyl)aminomethane (Tris). To this solution, 0.6 ml. 
of 95 per cent 1,1-dideuterioethanol, prepared according to Fisher e¢ al. 


*The heavy water used in these experiments was obtained on allocation from the 
United States Atomic Energy Commission. 
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(2) and kindly supplied by Dr. Birgit Vennesland, was added. Crystalline 
yeast alcohol dehydrogenase, prepared according to Racker (12) (3.3 ml, 
of a 1:40 dilution in 0.01 m Tris of the stock enzyme containing 10 mg. of 
protein per ml. in 2.0 m (NH4)2SO,), was added, and the reaction mixture 
incubated at 37°. From time to time, suitable aliquots were removed, 
diluted with 0.5 m Na»COs;, and assayed spectrophotometrically. At 
equilibrium (about 30 minutes) 92 per cent of the DPN had been reduced, 
An independent enzymatic assay for oxidized DPN performed on 0.1 ml, 
of the reaction mixture, treated with 0.1 ml. of 5 N HCl in order to destroy 
the reduced DPN, indicated that 7 per cent of the DPN remained unre. 
duced. The reaction mixture was then placed in a boiling water bath for 
3 minutes. This procedure destroyed all of the residual DPN and about 
8 per cent of the reduced DPN. In order to prevent destruction of the 
reduced DPN it is recommended that the pH of the reaction mixture (pH 
9.4) be made more alkaline before being placed in the boiling water bath, 
The flask was removed from the bath and cooled, and 3 ml. of 25 per cent 
barium acetate were added. ‘The precipitate, which consisted mainly of 
barium sulfate and denatured protein, was removed by centrifugation. 5 
volumes of cold ethanol were added to the supernatant fluid, and, after 5 
minutes at 4°, the precipitate was collected. The precipitate was washed 
first with a 4:1 alcohol-ether solution, then with ether, and finally was dried 
overnight over P,O;. There were obtained 412 mg. of the barium salt 
(79 per cent purity by enzymatic assay) representing 408 yum of reduced 
DPN (77 per cent of theory). 

Enzymatic Oxidation of Reduced DPN—In all experiments involving the 
oxidation of reduced DPN, the barium salt was first converted to the 
sodium salt as described below. 

The barium salt of reduced deuterio-DPN (300 um) was dissolved in 14 
ml. of water. To the solution 1.5 ml. of m NasSO, were added, and the 
barium sulfate precipitate removed by centrifugation. The precipitate 
was washed twice with 2 ml. of water, and the washes were then combined 
with the original solution. The solution was then diluted to 20 ml. with 
water and 10 ml. of 0.1 m Tris-hydrochloric acid buffer (pH 7.5) were 
added. To the buffered solution 2 ml. of 0.5 m acetaldehyde and 0.05 ml. 
of crystalline alcohol dehydrogenase (10 mg. of protein per ml.) were added, 
and the reaction mixture incubated at room temperature. The progress of 
the reaction was followed by measuring the absorption at 340 muy of small 
aliquots diluted in 0.5 mM NasCO;. The reaction was almost complete in 
about 10 minutes. 

Chemical Oxidation of Reduced DPN—-To a solution containing 314 um of 
the sodium salt of reduced deuterio-DPN, 1 ml. of 0.5 m Tris-hydrochlorie 
acid buffer (pH 7.5) and 1 ml. of m potassium ferricyanide (total volume 
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90 ml.) were added, and the reaction mixture was incubated at 38°. The 
appearance of DPN was measured enzymatically on 0.03 ml. aliquots. At 
40 minutes 90 per cent of the reduced DPN added could be accounted for 
as oxidized DPN. 

Cleavage of Oxidized DPN by Neurospora DPNase—In most cases, the 
reaction mixtures resulting after chemical or enzymatic oxidation of re- 
duced DPN were treated directly with DPNase. In other cases (Experi- 
ments 5a and 5b, Table I) the oxidized DPN was isolated,‘ then dissolved 
jn Tris-hydrochloric acid buffer (pH 7.5) to give a final DPN concentra- 
tion of 1.5 X 10-* M, prior to DPNase treatment. The following is an 
example of direct treatment with DPNase after enzymatic oxidation of 300 
um of reduced DPN. 

After enzymatic oxidation was almost complete, there was added 0.2 ml. 
(0.5 mg.) of a Neurospora crassa DPNase preparation (the fraction pre- 
cipitating with 60 per cent acetone at pH 2.7, containing about 15,000 
units per mg. of protein, prepared according to Kaplan et al. (5)) and the 
reaction mixture was incubated for 1 hour at 37°. The course of the re- 
action was followed by diluting 0.05 ml. aliquots with m KCN and 0.5 m 
Na,CO; and measuring the absorption at 340 mu. The measurements in 
KCN (1) showed that the cleavage of oxidized DPN had proceeded to 
completion. ‘The measurements in NazCO; showed that the small amount 
of reduced DPN remaining prior to DPNase addition underwent oxidation 
as the alcohol dehydrogenase equilibrium was shifted by removal of oxi- 
dized DPN by DPNase action. 

Isolation of Nicotinamide—Since the isolation of nicotinamide and all 
subsequent procedures were similar regardless of how the original DPN 
was reduced and then reoxidized, it suffices to describe a typical experi- 
ment from this point on. 

DPNH (314 um) was oxidized and cleaved and the reaction mixture was 
placed on a Dowex 1 formate column (7 cm. X 1 cm.). Nicotinamide 
was estimated in the effluent by the increase in ultraviolet absorption 
which takes place when neutral solutions of nicotinamide are acidified to 
pH 2 or less, as suggested by Rowen and Kornberg (13). The millimolar 
extinction coefficients for nicotinamide at 260 mu are 2.85 and 5.02 for pH 
7 and 1, respectively (16). The column was washed with water (18 ml.) 
until most of the nicotinamide was recovered. The effluent and water 
washings were combined and the nicotinamide content of the combined 
solution was estimated. From the original 314 um of DPNH were re- 

‘Oxidized DPN could be isolated in 50 per cent yield by acidifying the reaction 
mixtures with nitric acid until blue to Congo paper, precipitating with 6.5 volumes of 
cold acetone, washing with acetone, and drying in vacuo over P2O;. The products 
isolated after either enzymatic or chemical oxidation of reduced DPN were 75 to 
80 per cent pure by enzymatic assay. 
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covered 294 um of nicotinamide. To the solution were added 323 mg, of 
unlabeled nicotinamide, representing by spectrophotometric analysis g 
10.9-fold dilution of the deuterium-labeled nicotinamide.’ The solution 
was taken to dryness in vacuo and the last traces of water were removed by 
adding benzene and again evaporating to dryness. The dried residue wag 
extracted with 25 ml. portions of hot benzene, which were filtered through 
glass wool, until no more nicotinamide was obtained upon cooling of the 
benzene extracts. The nicotinamide was removed by centrifugation and 
dried in vacuo over P.O; overnight. Yield, 272 mg. (76 per cent of theory), 

Methylation of Nicotinamide—A solution of 262 mg. of nicotinamide in 
1.8 ml. of methyl alcohol was made up in a 15 ml. conical centrifuge tube, 
To this solution were added 0.2 ml. of methyl iodide and a boiling chip, 
A 3 foot air condenser was attached to the centrifuge tube and the solution 


TaBLe II 
Mass Spectrometric Analysis 





Deuterium content, atoms per cent excess 











Experi- 
ment Dilution factor |~ eee cae 
Ne. | Nicotinamide es. | 2-Pyridone 6-Pyridone 
| | 
1 10.5 0.51 | 0.30 0.33 | 0.33 
2 10.6 | 041 | 0.29 0.33 | 0.34 
3 10.9 | 1.03 0.73 0.71 0.77 
4 11.3 0.04 
5a . 0.52 
5b 10.2 0.88 














refluxed for 15 hours at 58-62° in the cold room. Although refluxing was 
continued for 15 hours, the reaction appeared complete at about 2 hours, 
the first crystals appearing at 30 minutes. After 15 hours the suspension 
was poured onto a small sintered glass funnel and the precipitate was 
washed with cold methanol. The pale yellow crystals of N'-methylnico- 
tinamide iodide were dried in vacuo at 100° over P;O; for 2 hours. Yield, 
497 mg. (88 per cent of theory). 

Preparation of 2- and 6-Pyridones of N'-Methylnicotinamide by Oxidation 
of N'-Methylnicotinamide Iodide—This procedure has been described else- 
where (11). 

Mass Spectrometric Analyses—The material presented in Table I was 
calculated from the data presented in Table II. These data represent the 


5 Nicotinamide can be isolated in crystalline form after the action of DPNase on 
DPN, by the isolation procedure described, without the addition of carrier nico- 
tinamide. Carrier was added in order to improve the yield and to provide a larger 
quantity of material for subsequent manipulations. 
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actual values obtained by mass spectrometer analysis of the hydrogen gas 
prepared in the usual manner (4). 


The authors are indebted to Dr. Frederick W. Barnes, Jr., and Dr. Mary 
Hilton for preparation of the hydrogen samples in Experiment 1, to Dr. 
David Rittenberg for the combustion and analysis in Experiment 2, and 
to Dr. Theodore Enns and Dr. Susanne von Schuching, working under 
Veterans Administration contract V1001M-527, for their cooperation in 
obtaining the remainder of the data reported in Table IT. 


SUMMARY 


Experiments have been described, with deuterium as a tracer, which 
indicate that reduction of DPN occurs in the para position rather than in 
the ortho position as previously assumed. In addition, the conclusions of 
previous investigators, concerning the mechanism and stereospecificity of 
DPN reduction, have been confirmed. 
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EFFECT OF HEAT AND pH ON HYALURONIDASE* 


By MARTIN B. MATHEWS anp ALBERT DORFMAN 


(From the Departments of Pediatrics and Biochemistry, University of Chicago, and 
La Rabida Jackson Park Sanitarium, Chicago, Illinois) 


(Received for publication, June 15, 1953) 


Crude preparations of bovine testicular hyaluronidase (1) depolymerize 
both hyaluronic acid (HA) and chondroitinsulfuric acid (CSA). Since a 
series of enzyme preparations with a wide range (100-fold) of purity shows 
a constant ratio of activities toward both substrates when examined by a 
turbidimetric method of assay, the conclusion was drawn that both activi- 
ties were most likely assignable to a single enzyme (2). A like conclusion 
was drawn from similar comparisons made by Meyer and Rapport (3), who 
used an assay procedure based upon the measurement of reducing sugars 
liberated from each substrate. 

Recently, however, Lillie, Emmart, and Laskey (4) observed that a 
boiled enzyme solution retained its capacity to depolymerize CSA as in- 
dicated by histochemical methods, but not HA as indicated by a turbidi- 
metric procedure. These workers concluded that bovine testicular pre- 
parations contain a thermolabile enzyme, hyaluronidase, which depoly- 
merizes hyaluronic acid, in vitro, and a chondromucinase which, while ther- 
molabile at pH 5.5 and 6.5, resists boiling at pH 3. In contrast, Meyer 
and Rapport (5) noted that testicular hyaluronidase retained 5 per cent of 
its activity after boiling for 10 minutes. No pH was stated. 

This report is concerned with a further attempt to elucidate the nature 
of the two activities of bovine testicular preparations which depolymerize, 
respectively, HA and CSA. 


EXPERIMENTAL 


Materials and Methods—Crude hyaluronidase (800 turbidity reducing 
units (t.r.u.) per mg. of nitrogen) was obtained from Armour and Company, 
Chicago, while a more highly purified enzyme (25,000 t.r.u. per mg. of nitro- 
gen) was obtained by ethanolic fractionation (6). Turbidimetric assays for 
depolymerizing activity toward HA (human umbilical cord preparation) 
and toward CSA (bovine nasal septum preparation) were carried out as 
described previously (7, 2). In essence, these procedures are based upon 
comparisons of an unknown activity with that of a standard enzyme prep- 
aration assumed to contain an arbitrary and equal number of units of ac- 


* This investigation was supported by grants from the Helen Hay Whitney Foun- 
dation and the Chicago Heart Association. 
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tivity (t.r.u.) toward both HA and CSA under the particular conditions g 
assay of each activity. 

Heating experiments were carried out by the following general procedur: 
7800 t.r.u. of enzyme in 54 cc. of 0.45 per cent NaCl were brought to the 
desired pH with appropriate concentrated buffer and finally diluted to, 
volume of 60 cc. The enzyme solution, contained in a 250 cc. Erlenmeye 
flask, was immersed in a vigorously boiling water bath for a prescribed time 
quickly cooled under cold water, and adjusted to proper pH when nece. 
sary. The assay procedures mentioned above were modified for the uy 
of 1 ec. of enzyme solution, sutiably diluted in 0.45 per cent NaCl, and 1 
of substrate for incubation. Thus, as little as 2 t.r.u. per cc., or 1 per cent 
enzyme remaining, could be reliably detected. The pH was measure 
with a Beckman pH meter at room temperature. The variation in amounts 
of remaining activity in duplicate experiments was sometimes as much 
30 per cent of the remaining activity. This variation has been ascribed 
experimental conditions which are not readily reproducible, as well as t 
limitations in precision of the assay method. 

Each series of experiments was carried out at least in duplicate and each 
enzyme solution was assayed in duplicate or quadruplicate. The data pr 
sented in Tables I to V represent values obtained in an initial series ¢ 
experiments, in which the enzyme assays were averaged. Repeated e 
periments (data not presented) confirmed the findings of the initial series, 

Comparison of Inactivation of HA Activity and CSA Activity—The firs 
set of experiments was performed to. determine whether any selective los 
of activity toward the two substrates occurs as a result of heating in 0.1y 
acetic acid. For this purpose the enzyme was heated in 0.1 m acetic acid 
(final pH 3.0) for specified times, neutralized to pH 5.5 with 1 m NaOfl, 
and assayed within 1 hour for HA activity and CSA activity. The results 
obtained (Table I) indicate that, within experimental error, the ratio d 
activities toward HA and toward CSA existing in the original solution has 
not been altered by prolonged heating at 100° and pH 3.0. Also, the 
activities remaining after heating closely resembled the original activities 
with respect to the relationship (7, 2) of the extent of enzyme action and 
the quantity of enzyme. Thus, the observed loss in activity consequent 
on heating is consistent with a transformation involving a single enzyme 
capable of depolymerizing both HA and CSA. 

Effect of pH on Enzyme Inactivation—Both crude and purified enzyme 
were utilized to determine the relationship of heat inactivation to pH. The 
solutions were neutralized with 1 m NaOH to pH 4.0 to 5.0 and then with 
0.6 m Na:HPO, to pH 5.5. The results (Table IT) indicate that minimal 
inactivation occurs (HA substrate) between pH 1.0 and 3.5. Theres 
little difference between the behavior of crude and purified enzyme in this 
experiment. 
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It is noteworthy that considerable enzyme activity is resistant at 100° 
to 0.1m HCl. This activity was also assayed with CSA as a substrate. 
The values for the ratios of activities with both substrates were again 
not significantly different from unity (see Table I). 

Effect of Temperature on Enzyme Inactivation—Crude hyaluronidase was 
maintained at different temperatures in 0.1 m acetic acid, then neutralized 


TABLE I 


Effect of Heating at 100° in 0.1 m Acetic Acid upon Hyaluronic Acid 
Activity and Chondroitinsulfuric Acid Activity of Crude Enzyme 


Enzyme units, HA 


Heating time Enzyme units, HA Enzyme units, CSA Encpune unlia, CUA 
: " ‘he. tru. ow ce. as tom oer a. ; 
0 130 130 1.0 
| 15.6 14.4 1.1 
10 15.6 13.8 1.1 
30 9.0 9.0 1.0 
TaBLeE II 


Effect of pH on Hyaluronidase Inactivation at 100° for 10 Minutes under 
Standard Conditions 





Activity remaining 


Buffer pH ” a ae 
Crude enzyme Purified enzyme 

2 per cent per cont 
Ga pmosphate................-. 7.0 <1 <1 
SOT Tee | 5.0 <1 <1 
0.01 “ acetic acid. ail 3.5 13 9 
0.01 “ HCl.... Pacem 2.2 15 10 
0.14 HC! nee 1.0 | 10 9 
——” .... 0 <2* <2* 





* Increased ionic strength in the assay due to added NaCl reduces the sensitiv- 
ity of the procedure. 


topH 5.5, and assayed. The results obtained (Table III) indicate that 
at 0° inactivation of enzyme proceeds very slowly.' Slow inactivation oc- 
curs at 20°, while at 38° a very much faster rate loss of activity is evident. 

When portions of the solutions maintained at 0°, 20°, and 38°, respec- 
tively, for 60 minutes are then heated at 100° for 10 minutes, the activity 
maining in each case is 10 + 2 per cent. It thus appears that the rate 
of inactivation is strongly temperature-dependent. Enzyme solutions 
which showed a loss of activity at 20° and 38° (Table III) when assayed 


'Hyaluronidase has been reported stable for several days near 0° between pH 4.0 
and 9.5 (8). 
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after neutralization underwent no further change in activity after storay 
at 0° and pH 5.0 for 30 hours. 

Recovery of Hyaluronidase Activity after Heating—In the course of thes 
studies it was noted that the amount of activity remaining after treat. 
ment of enzyme at high temperatures increased with time of standing 


Taste III 
Per Cent of Enzyme Remaining at Various Temperatures in 0.1 m Acetic Acid, pH $j 
Time 
Temperature 
15 min. 60 min. 180 min. 1800 min. 
Cc. | 
0 100 | 100 | 75 
20 75 60 
38 | 10 | 8 
TaBLe IV 
Effect of pH upon Recovery of Hyaluronidase Activity after Treatment for 10 Minute 
at 100° 
Buff, -_ . Activity after | Activity afte 
uffer | Initial pH Final pH + hr. 24 hrs. at 0? 
| | per cent | per cent 
=. |S ri 1.0 1.0 7 7 
All. 2 RA SG ein 1.0 5.4 | 7 20 
0.01 m HCl.. ie 2.2 2.2 9 9 
idl glint 2.2 5.5 9 20 
0.1 M acetic acid.... 3.0 5.0 11 26 
ls '- 3.0 6.2 11 22 
a” “s 3.0 7.1 11 23 
0.02 m acetate. é; 5.0 5.0 1 7 
0.02 ‘* phosphate. . 7.0 7.0 1 3 
0.001 m borate. . 8.5 8.5 <1 <1 
8.5 5.5 <1 <1 


0.001 “ “cc 


lower temperatures. This result is in contrast to the behavior of enzyme 
solutions kept at low pH, but not heated (Table III). In order to investi- 
gate this effect further a series of experiments was carried out in which both 
the pH during the heating period and the pH after cooling were varied. 
The solutions were assayed immediately after heat treatment and agai) 
after 24 hours at 0°. For pH of 7.0 and lower (Table IV), it is evident 
that the amount of activity in solution increases upon standing at 0°. Also, 
the recovery of! activity seems to occur only if the solution is neutralize 
to pH 5.0 to 7.1. 
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In other experiments it was found that the activity did not continue to 
rise at a significant rate beyond the first 24 hours of storage. 

At pH 8.5, the hyaluronidase is completely inactivated, and no apparent 
reversal occurs upon storage at that pH or at pH 5.5. 

Further Observations on Heat-Stable Activity—Some additional light was 
east on the nature of the heat-stable activity by experiments which are 
outlined in Table V. Heating a solution originally containing 130 t.r.u. 
per cc. for 10 minutes at 100° reduced the activity to 16 units or 12 per 


TABLE V 


Inactivation and Recovery of Hyaluronidase Activity 


Original solution 
130 t.r.u. per cc. 


0.01 m HCl, | 10 min. at 100° 
pH 2.2 


16 t.r.u. per cc. (12%) 
pH 5.5 | 20 hrs. at 0° pH 5.5 | 20 hrs. dialysis vs. 


| 0.45% NaCl at 0° 





47 t.r.u. per cc. (36%) 46 t.r.u. per cc. (36%) 
, 0.01 m HCI, es 
pH 5.5 | 10 min. at 100 pH 22 | 10 min. at 100 
| { 
3.6 t.r.u. per cc. (2.8%) 78 t.r.u. per ce. (6%) 
pH 5.5 | 30 hrs. at 0° 


16.6 t.r.u. per ce. (138%) 


ent. After 20 hours at 0° and pH 5.5, the activity in such a solution in- 
creased to 36 per cent of the original. Subsequent heating of this solu- 
tion at pH 5.5 lowered the activity to 3.6 units, or well below the activity 
which was heat-stable at pH 2.2. Thus, the activity which is heat-stable 
at pH 2.2 is, like the original enzyme, heat-labile at pH 5.5. Also, the 
partially recovered activity appears slightly more stable at pH 5.5 than 
does the original activity (see Table II for the effect of heat upon the origi- 
nal activity at pH 5.0). 

When the partially recovered activity of 46 t.r.u. per cc. (obtained by 20 
hours dialysis of the heated original to remove buffer) is heated in 0.01 
“ HCl, pH 2.2, for 10 minutes at 100°, 7.8 t.r.u. per cc., or 17 per cent, 
remain. This value of 17 per cent is higher (42 per cent) than the value 
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of 12 per cent obtained upon heating the original solution under identicy 
conditions. Subsequent storage at pH 5.5 further increased the activity 
to 16.6 t.r.u. per ce. Thus, the partially recovered activity behaves as the 
original activity does, but with an apparently slightly higher heat stability, 


DISCUSSION 


The experimental data presented here are consistent with the conclusiq 
drawn from other studies (2, 3) that the depolymerizing activities towan 
HA and CSA of bovine testicular hyaluronidase reside in a single enzyme 
Further, the transformation of hyaluronidase at low pH and high temper. 
ture is apparently explainable as a reaction of a single molecular specie, 
Presumably, the necessary alterations in protein structure under these cop. 
ditions do not greatly affect the basic structural groups which determi 
the action of the enzyme upon the substrates? HA or CSA. 

The experimental data have been obtained on, as yet, relatively impur 
enzyme, and further investigation is highly desirable. Nevertheless, itis 
profitable to consider a tentative working mechanism to explain the obser. 
vations made thus far. The behavior of hyaluronidase toward acid and 
heat has many parallels in the literature of protein denaturation. Re 
covery of activity after boiling has been thoroughly investigated for cyto 
chrome c, ribonuclease, insulin, trypsin,’ etc. (11). The mechanism tok 
proposed here is consistent with concepts derived from the better knom 
chemistry of denaturation of these other proteins. 


A —— B———> D 
L 
‘o 


The native enzyme A is converted irreversibly at low pH and tempen- 
ture to B, a partially denatured form of lower activity, which in tums 
irreversibly transformed at low pH and high temperature to form C, whieh 
may be in equilibrium with A. The equilibrium between A and C favors4 
at neutral pH and favors C at low pH. D represents products of irrever- 
sible inactivation produced by heating to some extent at all hydrogen im 
concentrations, but principally in the neutral and alkaline range. 


2 In confirmation of this view, it has recently been reported (9) that untreated 
testicular enzyme and boiled enzyme act upon oligosaccharides derived from HAin 
an essentially identical manner. 

’ There is much similarity in the behavior of hyaluronidase and of trypsin (10 
Thus, crystalline trypsin in solution at pH 1 to 7 may be boiled for 5 minutes and 
cooled with no loss in activity. At pH 7.5 to 9.5, activity is not recovered after cool 
ing a boiled solution. Like hyaluronidase, trypsin is more stable near 40° at pH! 
or 5 than it is in acid solution. Also, when trypsin was boiled in acid solution and 
quickly cooled to 0°, the inactive form obtained required about 10 minutes tok 
converted to the fully active form. 
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This scheme would account for the observation that acid inactivation 
at low temperature appears to be irreversible, but that enzyme activity is 
recoverable after the system has been heated at 100°. After partial re- 
covery of activity the existence of a mixture of A and C would account for 
the observation of an apparently greater heat stability for this mixture 
than for the original enzyme. The dependence of recovery of activity upon 
pH is suggestive of an equilibrium between these two forms of protein. A 
parallel case is that of ferrihemoglobin which exists in one form below pH 
36, as another form above pH 4.2, and as an equilibrium mixture of the 
two forms at intermediate hydrogen ion concentrations (12). 


SUMMARY 


1. Partially purified bovine testicular hyaluronidase shows a small resi- 
dual activity (about 10 per cent) after 10 minutes heating at 100° if the pH 
is between 0 and 3.5, but retains negligible activity if heated at neutral or 
alkaline pH. Under certain conditions the amount of residual activity in- 
creases upon storage. 

2. The residual activity is effective in depolymerizing chondroitinsulfuric 
acid as well as hyaluronic acid in the same ratio of effectiveness toward 
the different substrates as was shown by the untreated enzyme. This 
result is in agreement with the conclusion drawn from previous studies 
that the activities toward the two substrates are functions of a single en- 
ryme. 

3. A tentative mechanism is advanced to account for the pH denatura- 
tion and heat transformations of hyaluronidase. 
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FACTORS OTHER THAN CHOLINE WHICH AFFECT THE 
DEPOSITION OF LIVER FAT* 


By A. E. HARPER, W. J. MONSON, D. A. BENTON, M. E. WINJE, anv 
C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, July 20, 1953) 


The amount of fat which accumulates in the livers of young rats fed 9 
per cent, casein-sucrose diets containing choline is greatly reduced when 
either additional protein (1) or threonine (1, 2) is included in such diets. 
Some reduction in the deposition of liver fat is also observed when glycine, 
serine, glycocyamine, or betaine, none of which is essential for normal 
growth, is included in relatively large amounts (1). Singal and his associ- 
ates (2), using diets containing crystalline amino acids as the sole source of 
nitrogen, have shown that the amount of fat accumulating in the liver var- 
ies with the amount of threonine in the diet. The results of preliminary 
studies from this laboratory (3) indicated that several factors, such as the 
amount of protein, tryptophan, or fat in the diet, modify the effectiveness 
of supplementary gelatin or threonine in reducing liver fat deposition. 

The results of a study of some of the factors which modify this action of 
threonine are reported in this paper. 


EXPERIMENTAL 
Methods 


Male weanling rats of the Sprague-Dawley strain weighing from 40 to 
50 gm. were divided into similar groups of six animals each and were main- 
tained in individual cages with raised screen bottoms. The animals were 
fed ad libitum and each animal was weighed weekly during the experimental 
periods of 2 weeks. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by grants from Swift and Com- 
pany, Chicago, The Gelatin Research Society of America, Inc., New York, and the 
Research Committee of the Graduate School from funds supplied by the Wisconsin 
Alumni Research Foundation. 


We are indebted to Merck and Company, Inc., Rahway, New Jersey, for some of 
the crystalline vitamins, to Wilson and Company, Inc., Chicago, Illinois, for gelatin, 
to the Abbott Laboratories, Chicago, Illinois, for haliver oil, to Dr. O. D. Bird, 
Parke, Davis and Company, Detroit, Michigan, for pantethine, and to Dr. E. L. R. 
Stokstad, Lederle Laboratories Division, American Cyanamid Company, Pearl 
River, New York, for thioctic acid. 
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The composition of the basal diet was as follows: sucrose 81.6, caseip 
9.0, pt-methionine 0.3, corn oil 5.0, Salts 4 (4) 4, and choline chloride 0,33 
per cent. Vitamins were included to provide, in mg. per 100 gm. of ration, 
thiamine hydrochloride 0.5, riboflavin 0.5, niacin 1.0, calcium pantothep. 
ate 2.0, pyridoxine 0.25, biotin 0.01, folic acid 0.02, vitamin By2 0.002, ang 
inositol 10.0. 2 drops of halibut liver oil fortified with vitamins E and x 
(1) were administered orally each week. 

The supplements which were included in the various experimental diets 
replaced an equal weight of sucrose, and when substances were omitte 
from the diet they were replaced by sucrose. In all the diets, except thog 
of Experiment 1 in which the effect of tryptophan was studied, 0.1 per cent 
pL-tryptophan was included in order to insure relatively uniform growth, 
Corn oil was omitted from all the diets containing butter fat. 

After 2 weeks the animals were sacrificed for the determination of live 
fat. A few animals from which sections of the liver and kidneys were tobe 
removed for histological studies were killed by ether anesthesia, the rm. 
mainder being stunned and decapitated before the livers were removed, 
Fat was determined by ether extraction of the dried and ground liver (5), 
The method of killing the animals apparently did not affect the results of 
the fat determinations. 

The histological findings will be reported separately. 


Results 


The identity of each experiment has been retained in the presentation of 
the results (Tables I to ITT) in order to insure that each experimental group 
is compared with its own control rather than with an average control value, 
This procedure is necessary because absolute values for liver fat for similar 
groups differ somewhat from experiment to experiment, even though the 
relative values for comparable groups are consistent. The variation in ab- 
solute values is thought to be caused in part by variations in the nitrogen 
content of different lots of casein. 

The results presented in Table I show that both the amount of trypte- 
phan and the amount of casein in the diet modified the effectiveness of 
threonine in reducing the deposition of liver fat. In Experiment 1, with 
no additional tryptophan the inclusion of 6 per cent gelatin in the diet 
caused a reduction in liver fat from 41.8 per cent! to 17.5 per cent. With 
the addition of 0.1 per cent piL-tryptophan to the diet, liver fat was r- 
duced only to 26.2 per cent, but the further addition of 0.18 per cent pi- 
threonine with the gelatin caused a reduction comparable to that obtained 
when tryptophan was omitted. 

The results of Experiment 2 show that large amounts of fat were found 


1 All liver fat values cited in the text are based on dry weight of liver. 
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in the livers of rats receiving diets containing from 6 to 10 per cent casein. 
The effectiveness of a constant amount of threonine in reducing the fat 
deposition increased, however, as the protein level was increased. When 
diets containing only 6 per cent casein were fed, the addition of 0.36 per cent 


TaBLeE I 
Effect of Amount of Tryptophan and Protein in Diet on Liver Fat Deposition 


| 














* 2 | Diet Liver fat 
E | a4 ; Growth rate 
dl Z ‘cn oe Supplement | Dry weight Wet weight 
—_—— | foi pained 
| EA all | gm. per wk. | per cent | per cent 
1) 1| 9 0 16.3 + 1.0*/41.8 + 2.6*/15.8 + 1.2* 
| 2| 9/0 6% gelatin 12.3 + 1.4 /17.5 + 0.7 | 5.3 + 0.2 
| 3| 9 | 0.05 15.5 + 1.4 42.8 + 3.2 |16.5 + 1.8 
4| 9 | 0.05 | 6% gelatin 24.1 + 1.0 [21.8 + 1.0| 6.7 + 0.3 
5| 9/0.1 18.2 + 1.8 38.9 + 2.8 |14.3 + 1.6 
6| 9|0.1 | 6% gelatin [23.0 + 1.1 /26.2 + 0.8 | 8.1 + 0.3 
7; 910.1 16% “ + 0.18% |26.8 + 0.8 |16.6 + 1.7 | 4.9 + 0.5 
| pL-threonine | 
8/| 9/0.1 0.18% pu-threonine 20.3 + 0.8 |25.8 + 1.8 | 8.3 + 0.8 
9/ 9/0.1 | 0.36% . 19.3 + 1.4 |19.0 + 2.4]6.1 + 0.8 
10; 9/0.1 0.18% - + (23.4 + 1.1 |18.2 + 1.8 | 5.4 + 0.6 
essential amino acidst 
2/11; 6/ 0.1 } 4.7 + 1.2 34.5 + 3.2 |11.8 + 1.4 
12 | 6 | 0.1 0.36% pu-threonine (12.1 + 0.9 |24.8 + 1.9 | 8.1 + 0.8 
|13| 7) 0.1 7.6 + 0.8 |45.4 + 2.6 |17.7 4 1.1 
114] 7 0.1 | 0.36% pvu-threonine 13.4 + 0.5 |23.2 + 0.8/7.4 + 0.3 
15| 8 | 0.1 110.1 + 1.3 |32.8 + 1.6 |10.5 + 0.7 
116| 8 | 0.1 | 0.36% pu-threonine |15.6 + 0.7 |20.2 + 1.8 | 6.0 + 0.6 
17| 9/0.1 | 11.0 + 1.3 |31.0 + 4.0 | 9.7 + 1.9 
18 9/ 0.1 | 0.36% vu-threonine 18.9 + 1.0 16.5 + 2.2 | 4.7 + 0.8 
19; 10 | 0.1 | 15.2 + 1.4 |30.0 + 1.8 | 9.6 + 0.9 
20| 10) 0.1 | 0.36% pvu-threonine 20.8 + 1.5 + 1.1) 4.0 + 0.3 


14.2 


* Standard error of the mean. 
t Essential amino acids were equivalent to those supplied by 6 per cent gelatin. 


bi-threonine reduced the fat from 34.5 per cent to 24.8 per cent, whereas 
the same amount of threonine fed with 10 per cent casein caused a reduc- 
tion to 14.2 per cent. 

In Experiment 3 (Table IL) an amount of threonine which was not con- 
sidered to be optimal was fed in order to determine whether the addition 
of glycine, betaine, or a large amount of choline to the basal diet would 
supplement the action of threonine. Although each of these compounds 
caused some reduction in liver fat deposition, it is apparent from the re- 
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TABLE II 


of Various Amino Acids and Related Substances on Liver Fat Deposition 


Diet 


9% casein-sucrose + 0.1% pt- 
tryptophan (basal) 

Basal + 0.25% pu-threonine 
« + 1.5% glycine 
«+ 1% choline 
‘c <4. 1% ‘6 
threonine 

Basal + 1% choline + 1.5% gly- 
cine 


Basal + 1% betaine 


+ 0.25% pvt- 


«  +1% _ + 0.25% pt- 


threonine 
Basal + 1% betaine + 1.5% gly- 
cine 


Basal + 1.5% glycine + 1.5% pL- 


serine 

Basal 
‘© 6+ 0.36% pu-threonine 
“4 0.36% «“ + 
1.5% glycine 

Basal + 0.36% pu-threonine + 
1.0% betaine 

Basal + ketogenic amino acidsf 
-  * “ “ 
+ 0.36% pu-threonine 

Basal — choline 


‘6 = “6 


“cc 


+ 0.36% pi- 
threonine 

Basal + 0.3% cystine, no methi- 
onine 

Basal + 0.3% cystine, no methi- 
onine + 0.36% pu-threonine 


* Standard error of the mean. 
t 1 per cent each of pu-leucine, pL-isoleucine, 


Rate of gain 


Dry weight 


gm. per wk. 


20. 


21.¢ 
14.6 
13. 


24. 


14.: 


15.+¢ 


23 .é 
\16. 
19. 
19. 
20. 


24.% 


21.4 


4 


+ Ht 
“I 
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~I 


wowon 
Ht + Ht 
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rs 
+ Ht 
bo 
oO 
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+ 1.9*/42. 


Ht HOH 


7 
iw) 
ws 
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it 
© 
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1.1 /19. 
1.0 |28. 
1.0 |30.§ 
0.9 |14. 


sults presented in Table II that none of them was as effective as threonine. 
This is particularly true since only L-threonine is active (6), and therefor 


Liver fat 


per cent 


8 


~I 


28.9 
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Ht He Ht Ht 


ras HH Ht HH ot 


+ Ht 


and t-tyrosine. 


2 


nN be 


Wet weight 


per cent 


.9* 16.5 + 15 


6.1 + 07 
8.9 + 05 
10.9 + 24 
4.3 + 03 


5.8 +05 


| 7.0 + 0.6 
| 3.8 + 03 


6.5+04 
3.1+0.2 


18.44 1.9 
18.3 + 15 


9.3413 


4.1402 


the effective concentration of threonine was only 0.125 per cent in this er 
periment while 1 per cent choline and betaine and 1.5 per cent glycine were 


However, when threonine was fed with each of these three com- 
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eonine, fF pounds, the reduction in liver fat was greater than that obtained with 
erefore — threonine alone. Also, choline and betaine as well as serine, when fed with 

glycine, gave an additive effect. 
sition TaB.e IIT 
3 Effect of Dietary Fat on Liver Fat Deposition 
z Liver fat 
t weight 5 Changes in basal diet Rate of gain = 
5 Dry weight Wet weight 

er cent 

+ 13 gm. per wk. per cent per cent 
5 | 41; None 12.7 + 1.4*/40.4 + 2.1*/14.9 + 1.0* 
+07 42) “ + 0.36% pu-threonine 21.4 + 0.5 |20.7 + 1.7 | 6.4 + 0.7 
+05 43) Fat-free 115.8 + 0.9 42.7 + 2.1 /15.3 + 1.1 
+24 44 “ + 0.36% pu-threonine 118.5 + 1.1 27.5 + 1.9| 8.7 + 0.8 
+ 03 45| 10% corn oil 15.0 + 1.5 36.9 + 3.2 12.54 1.3 
46} 10% ‘“ ‘“ + 0.36% pu-threonine'18.2 + 1.1 |21.4 + 0.8 | 6.5 + 0.5 
ro 47; 20% “ ‘* 15.4 + 1.3 /31.2 + 2.0 10.6 + 0.9 
48, 20% ‘“ ‘“ + 0.36% pu-threonine18.0 + 0.9 21.5 + 2.0| 6.8 + 0.8 

1406 § 6 49 Nonet 19.7 + 1.4 37.0 + 2.2 13.0 + 1.3 

5 + 03 50) + 0.36% pti-threoninet 20.8 + 1.0 16.3 + 2.0| 4.6 + 0.5 
51! Fat-freet 12.2 + 1.3 |33.6 + 3.8 |11.6 + 2.0 
) +02 52 ee + 0.36% pu-threoninet {19.8 + 1.8 |23.5 + 2.6] 7.3 + 1.0 
53; 5% butter fat 19.9 + 1.4 /32.8 + 3.8 |10.8 + 1.5 

3404 54) 5% + 0.36% vu-thre- 21.8 + 0.8 17.8 + 1.3 | 5.44 0.5 

onine 

) 413 55, 20% butter fat 17.6 + 1.9 |32.8 + 2.0 10.7 + 0. 
y+ 03 56, 20% “ “ + 0.36% vu-thre- [22.4 + 1.4 |25.0 4 1.1| 7.7 + 0.4 
) + 0.2 onine | 

7 57, None 17.6 + 1.3 |31.7 + 3.3 |10.9 + 1.4 

1 £03 58 + thioctic acid§ 18.6 + 2.0 |31.1 + 1.5 10.3 + 0.7 

59, + pantethine|| 18.6 + 0.6 (29.6 + 2.4 | 9.6 + 1.0 

5 + 04 60 + 0.36% pu-threonine 20.4 + 0.6 13.9 + 0.4/4.0 + 0.2 

1 +02 61; 20% corn oil 14.9 + 0.9 (200.0 + 1.3/6.14+ 0.5 
62; 20% ‘“ ‘ + 0.36% pu-thre- 22.5 + 2.1 |13.4 4+ 1.7 | 4.0 + 0.6 

4419 onine 

3415 63, 20% butter fat 16.8 + 1.6 28.6 + 1.4/9.1 + 0.6 
64.20% ‘“ ‘* + 0.36% pu-thre- 20.7 + 1.8 23.6 + 2.4 | 7.3 + 0.9 
342 onine 
1402 * Standard error of the mean. 
t The same control groups served for Experiments 4 and 6. 
“oi } Each rat received 50 mg. per day of ethyl linoleate by dropper. 
§ Each rat received 10 y per day intraperitoneally. 
| Each rat received 100 y per day intraperitoneally. 

this ex- The results of Experiment 4 show that the addition of a mixture of keto- 

ine were — getic amino acids (tyrosine, leucine, and isoleucine) to the diet also caused 

‘ee com — Some reduction in liver fat. Very little effect was observed when methio- 
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nine was replaced by cystine. When choline was omitted from the bagg 
diet, liver fat was somewhat higher and no effect of threonine could be dem. 
onstrated. 

The influence of several levels of fat and a comparison of the effects gf 
corn oil and butter fat on liver fat deposition were studied in Experiments 
5 to 7. The results presented in Table III show that, even when 20 pe 
cent of either corn oil or butter fat was included in the diet, no increase jy 
liver fat deposition occurred; in fact, if anything, a slight decrease occurred 
when the amount of dietary fat was increased. Threonine reduced live 
fat deposition to the same extent whether the diet contained 5 or 20 pe 
cent corn oil. Somewhat less reduction occurred when either no fat or % 
per cent butter fat was included. 

Neither pantethine nor thioctic acid (Groups 57 to 59) injected intn. 
peritoneally reduced the level of liver fat below that of the controls. 


DISCUSSION 


From the results presented here it is evident that the amount of fat de. 
posited in the livers of young rats receiving choline is dependent on the 
interaction of several factors. Threonine, although not the only amino 
acid or amino acid derivative affecting liver fat deposition, is of major im. 
portance in low casein diets. It is possible, of course, that other amino 
acids (2) may be of significance when proteins of different amino acid com- 
position are fed. 

The opposing effect of tryptophan on the action of threonine is probably 
related to growth. When the amount of tryptophan in the basal diet is 
increased, threonine becomes limiting for growth, and that supplied is used 
in larger quantities by the animals for general protein synthesis. Since 
the réle of threonine in reducing liver fat is apparently secondary to its 
réle in protein synthesis, it might be expected, as was found in Experiment 
1, that in the presence of additional tryptophan a greater amount of thre- 
onine is required to cause reductions in liver fat deposition comparable to 
those obtained in its absence. 

The observation that a constant amount of threonine (0.36 per cent Di- 
threonine) added to the diet is more effective in reducing liver fat when the 
diet contains 10 per cent casein than when it contains less casein implicates 
other amino acids. Some of the essential amino acids shown to be partially 
effective (Groups 10 and 35) may exert a greater effect when the amount 
of casein in the diet is reduced. These results may explain the inability 
of Sauberlich (7), who used 7 per cent casein diets in much of his work to 
demonstrate a substantial effect of threonine alone. 

The effect of substances which are not normally essential in the diet 
indicates that the fat accumulation is not entirely the result of a deficiency 
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of essential amino acids, as has been suggested (2). Although betaine, gly- 
cine, and serine were each only partially effective, certain combinations of 
these were almost as effective as threonine (Table IT). 

Failure to obtain greater deposition of fat in the liver with increasing 
amounts of fat in the diet reveals that dietary fat per se did not accumulate 
to any great extent in the livers of the animals used in this study. Also, 
since the amount of fat which was deposited in the liver was decreased 
slightly as the amount of dietary fat was increased, it appears that the 
liver fat arose from the conversion of carbohydrate or protein to fat. Fur- 
ther evidence supporting this conclusion is obtained from the observation 
that high fat deposition occurred in the livers of animals receiving fat-free 
diets. Reduced endogenous oxidation, previously noted in the livers of 
animals receiving no supplementary threonine,? might also be expected to 
favor the conversion of carbohydrate to fat. 

With either 5 or 20 per cent fat in the diet, no marked effect of the type 
of dietary fat on liver fat deposition could be discerned. The inclusion of 
threonine caused a reduction in fat deposition with each level of both fats 
and, although a slight difference in response to threonine was observed be- 
tween them at the 20 per cent level, no definite conclusion regarding this 
can be justified without further study. 

Although threonine was not effective in the absence of choline, the high 
fat deposition observed in the livers of weanling rats receiving choline in- 
dicates that the lipotropic action of proteins cannot be explained entirely 
on the basis of their methionine-cystine ratio, as has been suggested (8). 
It would seem that at least three groups of normal dietary substances must 
be considered, (a) choline which is essential for phospholipide formation and 
which can be replaced by methionine, (b) threonine and probably other es- 
sential amino acids which may be required for the formation of an enzyme 
or enzymes necessary for normal liver metabolism, and (c) glycine, serine, 
betaine, and related substances which may act in a non-specific manner by 
sparing essential compounds. Such factors as the age of the rats used and 
the type of dietary carbohydrate (9), both of which affect the protein re- 
quirement, and also the quantity and quality of the protein in the diet 
would therefore be expected to affect the results of studies of lipotropic 
factors. 


SUMMARY 


Several factors have been shown to influence the effectiveness of addi- 
tional dietary threonine in lowering fat deposition in the livers of weanling 
rats receiving low casein diets containing choline. The amounts of trypto- 


*Harper, A. E., Monson, W. J., Litwack, G., Benton, D. A., Williams, J. N., Jr. 
and Elvehjem, C. A., unpublished work. 
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phan, protein, and glycine, and certain related substances have each been 
shown to exert significant effects. 

The implications of these observations have been discussed, and it has 
been suggested that the balance of amino acids provided in low protein 
diets as well as other factors which affect the utilization of such diets must 
be considered in any study of lipotropic activity. 
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STUDIES ON THE OXIDATION OF SUCCINIC ACID BY 
CELL-FREE HOMOGENATES OF TETRAHYMENA 
PYRIFORMIS S AND W* 


By HERBERT J. EICHEL 


(From the William Goldman Isotope Laboratory, Division of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 


(Received for publication, July 22, 1953) 


The mammalian enzyme system which catalyzes the aerobic oxidation of 
succinic acid has been shown by Keilin and Hartree (1) to consist of suc- 
cinic dehydrogenase and the complete cytochrome system. Although cyto- 
chrome oxidase is generally considered to be the universal catalyst of all 
respiring cells (2), it has been reported to be absent from, or present in small 
amounts in, several aerobic organisms. Pappenheimer and Hendee (3) 
have shown that diphtheria bacillus extracts, which actively oxidize suc- 
cinate, possess only traces of cytochrome c and cytochrome oxidase. Kun 
and Abood (4) described an enzyme preparation from the endotoxin of 
Salmonella aertrycke which oxidized succinate aerobically but did not con- 
tain measurable cytochrome oxidase activity. Muscle homogenates of 
the helminth A scaris lumbricoides were reported to be devoid of cytochrome 
oxidase activity but able to oxidize succinate in the presence of oxygen (5). 
It was concluded that the succinic dehydrogenase of Ascaris does not react 
with the cytochrome system and that possibly a flavoprotein is involved. 
In two other parasitic worms, whose respiration was inhibited by 2 K 10- 
u cyanide, cytochrome c and cytochrome oxidase were either not detected 
or were present in small amounts. A number of papers have been sum- 
marized which relate to the absence of, or variation in, certain components 
of the cytochrome system of various organisms (6, 7). 

Recently, Ryley (8) demonstrated that homogenates of Tetrahymena 
pyriformis GL, in the presence of succinate, reduced methylene blue anaero- 
bically, but were unable to oxidize this substrate aerobically. A mano- 
metric assay in which p-phenylenediamine was employed failed to detect 
the presence of cytochrome oxidase activity. Respiration of the ciliate was 
comparatively resistant to cyanide and carbon monoxide. In contrast to 
these findings, Seaman has shown that homogenates of T. pyriformis S 
oxidize succinate aerobically (9, 10) and reduce cytochrome c in the pres- 
ence of succinate and azide (11). 

This paper presents some observations on the enzyme system which 


*This project was supported by a grant from the Atomic Energy Commission, 
contract No. (AT-30)-1069. 
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catalyzes the aerobic oxidation of succinic acid by cell-free homogenates 
of T. pyriformis S and W and submits evidence for the absence of cyto. 
chrome oxidase activity in such preparations. 


Methods 


Cultures and Preparation of Homogenates—Pure stock cultures of 7. 
pyriformis S and W were maintained in a proteose-peptone-yeast medium, 
as previously described (12). For experimental use, cells inoculated into 
750 ml. of media were separated by centrifugation at 91 X g' for 2 minutes 
in an International No. 2 centrifuge with 50 ml. conical tubes. They were 
washed three times by suspension in glass-distilled water for 10 minutes 
at a time before being concentrated to a volume of 25 ml. Homogenates 
were prepared by passing the whole cell concentrates, immediately afte 
collection, through a Logeman hand colloid mill (Fisher Scientific Com. 
pany) three times at 5°. This procedure consistently yielded 100 per cent 
breakage of the cells as revealed by microscopic examination. In no in. 
stance during the course of multiple sampling of numerous homogenates 
was even a single whole cell observed after such treatment. 

Enzyme Assays—The aerobic oxidation of sodium succinate was studied 
at 30° according to the method of Schneider and Potter (13) with the ex. 
ception that each vessel contained 0.018 m NasHPO.-KH.2PO, buffer, pH 
7.4, and 1.45 X 10-° m cytochrome c. 1.0 ml. of homogenate, containing 
from 3.3 to 11.9 mg., dry weight, of cells, was generally used. The War. 
burg vessels, which were immersed in an ice bath during the pipetting of 
the reaction mixture, were allowed to equilibrate 5 minutes before tipping 
in the succinate. As a routine procedure, no more than 10 minutes elapsed 
between the start of homogenization and the insertion of the vessels into 
the water bath. After an additional 5 minutes, the stop-cocks were closed 
and readings taken at 10 minute intervals for 1 hour. The rate of shaking 
was 120 oscillations per minute and the gas phase was air. Succinic dehy- 
drogenase was determined spectrophotometrically essentially according to 
the method of Potter and Albaum (14), but the components of the test 
system were used at levels recommended for Tetrahymena (10). Cyto 
chrome oxidase was assayed both spectrophotometrically at 25° (14) and 
manometrically at 30° with ascorbic acid (13) and hydroquinone (15) as 
substrates. The manometric tests were accompanied by controls for au- 
toxidation of substrate and for oxidation of homogenate in the absence of 
added substrate. Nitrogen determinations on the homogenates were per- 
formed in duplicate by a micro-Kjeldahl procedure. Dry weight determi- 
nations were made in duplicate on the homogenates at 80°. 


1 Calculated for the middle of the tubes. 
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Results 


Succinate Oxidation—From the data presented in Table I, it can be seen 
that homogenates of T. pyriformis S oxidize succinate quite rapidly in the 
presence of atmospheric oxygen, confirming the previous reports. In the 
absence of succinate, the O2 uptake by the same quantity of homogenate 
was negligible over a period of 1 hour. However, if the homogenate con- 
centration was increased, a small but significant O2 consumption occurred. 
In other experiments (‘Table IIT), homogenates prepared from 7. pyriformis 
W were also found to be capable of oxidizing succinate. Since it was de- 


TABLE I 
Succinale Oxidation by Homogenates Prepared from T. pyriformis S 
Cultures of Varying Ages 
The values represent the average and range. 


Age of culture No. of determinations QO: QO: (N) 


days pl. Oo per hr.* pl. O2 per hr.t 
2 5 31.4 247 
(20 .0-47.1) (153-301 ) 
3 5 46.0 334 
(36 .2-58 .7) (272-396) 
5 3 42.7 280 
(18.4-58.3) (175-343) 
6 2 20.5 191 
| (9.0-32.1) (106-276) 
8 1 | 25.8 225 








Weighted average................... 36.3 307 








*Per mg. of dry cells. 
t Per mg. of N. 


sirable to obtain organisms which consistently exhibited the highest oxida- 
tive rates in the presence of succinate, cultures of varying ages (2, 3, 5, 6, 
§days) were studied. Owing to overlapping values from group to group, 
itcannot be said whether an age-activity correlation exists, either with re- 
pect to QO2 or QO. (N). It is interesting to note that Baker and Baum- 
berger (16) reported that the QO. (endogenous respiration) of 7’. pyriformis 
T, grown in a 10 per cent yeast autolysate medium, decreased markedly 
with increasing age of the cultures (—50 per cent between 2 and 6 days). 

Since homogenization was effected in a different manner, and because 
the average quantity of cellular material used (7 mg., dry weight) was some- 
what less than that reported by Seaman (10), it was considered of interest 
to determine the extent to which cytochrome c was limiting, if at all, under 
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the present conditions. The behavior of Al**+*+ and Ca** was studied at 
the same time. These cations have been shown to activate the succinoxi- 
dase system of some tissues (17, 18), although more recently this effect 
has been reported to be related to the colloidal phosphates which the ions 
form with the phosphate buffer (19). In the presence of one commercially 
available cytochrome c preparation? (final concentration, 0.273 X 10- to 
2.89 X 10-° m), the oxidation of succinate was slightly inhibited both ip 
the presence and absence of Al***+ and Catt. Since the cytochrome ¢ 
was prepared in physiological saline, vessels were set up to which similar 
amounts of NaCl were added, but the O. uptake of such systems was not 
affected. The addition of a second cytochrome c preparation’ (1.45 x 
10-° m) to Tetrahymena homogenates in the presence of succinate, Al*++, 
and Ca++ resulted in an increased activity of 7 per cent over a 60 minute 
period (average of four determinations; range, 0 to 12 per cent). The ae- 
tivity of the succinate-oxidizing system was maintained at a slightly higher 
level (+16 per cent) over a 1 hour period when Cat* and Al*** were pres- 
ent than when they were absent, although these ions had no effect on the 
rate during the first 10 minutes. When either ion was omitted from the 
system, the resultant O2 uptake at the end of 1 hour was less than that ob- 
tained in the presence of both ions. 

It should be noted that the aerobic oxidation of succinate was not de- 
tectable in strains S, W, and E when the cells were broken in an all-glass 
homogenizer with the aid of either silica, reagent grade sea sand, or alumi- 
num oxide as grinding agent. That these procedures did not result in the 
loss of all enzyme activity can be seen from the fact that homogenates of 
T. pyriformis W, when prepared with either silica or sand, displayed ribo- 
nuclease and desoxyribonuclease activities (12) and pyruvic phosphoferase 
activity (20) when made with sand. Little difference has been found be- 

- tween the nuclease activities of cells homogenized with silica or sand and 
those passed through the colloid mill. 

Effect of Antimycin on Oxidation of Succinate—Antimycin A, an antibi- 
otic isolated from cultures of a Streptomyces species (21), has been shown to 
be an extremely potent inhibitor of the succinoxidase and diphosphopyri- 
dine nucleotide cytochrome c reductase systems of homogenates of various 
rat and pigeon tissues (22, 23) and the choline oxidase system of rat liver 
and kidney (24, 25). Potter and Reif (23) concluded that the site of ac- 
tion of the antibiotic is probably on a component which links cytochrome 
b with cytochrome c. Inorder to learn more about the nature of the enzyme 


2 Purchased from Wyeth, Incorporated; 90 per cent pure as determined by spectro- 
photometric assay. 

3 Purchased from the Sigma Chemical Company; 67 per cent pure as determined 
by spectrophotometric assay. 
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which catalyzes the aerobic oxidation of succinate by Tetrahymena homog- 
enates, this sytem was studied in the presence of antimycin.‘ Since the 
latter was prepared in 95 per cent ethanol, vessels containing ethanol were 
set up as controls. Although, at the levels employed, the alcohol was a 
potent inhibitor of this system and thus considerably reduced the O2 uptake 
of the control vessels, it can be seen from the data in Table II that 5 to 
10 y of antimycin had little effect on succinate oxidation, while a relatively 
large amount of the drug (20 y) inhibited the system by only 24 per cent. 
The amount of antimycin required to produce 50 per cent inhibition of the 
rat liver succinoxidase system averaged 1.71 y per gm. of wet liver (23). 
Approximately the same titer has been obtained for the rat liver choline 
dehydrogenase system.’ If one assumes a similar antimycin titer for Tet- 


TaBLe II 
Effect of Antimycin A on Oxidation of Succinate by Homogenates of T. pyriformis S 





— Additions* S 4 inkibitien 
1 Succinate + 0.05 ml. 95% ethanol 125 
a + 5y antimycin per 0.05 ml. 95% ethanol) 109 13.8 
2 ” 264 
- + 0.1 ml. 95% ethanol 152 
. + 10 y antimycin per 0.1 ml. 95% ethanol 146 4.0 
" + 0.2 ml. 95% ethanol 35 
- + 20 y antimycin per 0.2 ml. 95% ethanol 27 23.9 


* Each vessel also contained cytochrome c and Al*** and Cat* in the concentra- 
tions indicated in the section ‘‘Enzyme assays.”’ 


rahymena, the theoretical requirement of antibiotic for 50 per cent inhibi- 
tion of succinate oxidation by the quantity of homogenate used in Experi- 
ment 2 is calculated to be 0.1 y. In view of the fact that 200 times this 
amount of antimycin produced only a 24 per cent inhibition of the proto- 
zoan system, it is possible that the action of this compound is either non- 
specific or affects a component not identical with the antimycin-sensitive 
electron transport factor of mammalian tissues. The possibility must also 
be considered that this factor is present in great excess in the protozoan 
and hence can be titrated only by extremely large amounts of antimycin. 
Succinic Dehydrogenase—This enzyme was studied in homogenates of T’. 
pyriformis S with a model DU Beckman spectrophotometer by following 
the rate of reduction of cytochrome c at 550 my; the temperature was 25°, 
and a slit width of 0.03 mm. was used. The components of the system, 


‘T wish to thank Dr. F. M. Strong for his nee gift of antimycin A. 
'Kichel, H. J., unpublished data. 
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and their final concentrations, were 4.1 X 10-* m sodium succinate, 0.1 or 
0.2 ml. of homogenate containing from 0.088 to 0.110 mg. of N, 3.3 X 104 
mM CaCl. 6.7 X 10-' m AICls, 1.0 X 10-* m NaCN, 3.3 X 10° m Na,HPO, 
KH2PO, buffer, pH 7.4, distilled water to make a final volume of 3.0 ml, 
and 1.45 X 10-' m cytochrome c. Zero time was taken as the time of in. 
version of the covered cuvette immediately after the addition of the sub- 
strate. The first reading was the time required for the instrument to reach 
a predetermined density value. Subsequent time values were taken at 
densities 0.005 to 0.010 above the initial one, until at least 4 or 5 minutes 
had elapsed. At the end of this time, a few grains of Na2S.O, were added, 
and the optical density was determined to give the fully reduced value, 
Corrections were made for the ability of Tetrahymena homogenates to re- 
duce cytochrome c in the absence of added succinate. The concentration 
of oxidized cytochrome c present at any time was calculated from the equa- 
tion® 

D,—D 


[Cytochrome Fet++] = (E. — E,)l 


If the log [cytochrome Fet**] was plotted against time for a series of six 
or more readings, a straight line was obtained, showing the reaction to be 
first order with respect to cytochrome c concentration under these condi- 
tions. The k value (reaction rate constant) was calculated directly from 
the slope of the line and was expressed as per minute. The specific ac- 
tivity was obtained by dividing the k value by the mg. of total N in the 
homogenate. The results are listed in Table III. The specific activity of 
four different cultures (3 to 5 days old) averaged 1.78 per minute per mg. 
of N (range, 1.36 to 2.17). The omission of NaCN had no effect on the re- 
action rate. 

Cytochrome Oxidase—No cytochrome oxidase activity was detected when 
homogenates of 7’. pyriformis S were assayed manometrically with ascorbic 
acid or hydroquinone as substrates or spectrophotometrically by following 
the oxidation of reduced cytochrome c at 550 mu. Homogenates of T. 
pyriformis W were also devoid of cytochrome oxidase activity. From the 
data presented in Table III, it can be seen that this enzyme was readily 
demonstrable in rat liver and lung homogenates assayed under similar con- 
ditions either simultaneously or at approximately the same time. Lung 
was chosen because of its relatively low cytochrome oxidase content (26). 
The activity of this enzyme in rat liver homogenates with ascorbic acid 


6 EF, and E, = the molar extinction coefficients of oxidized and reduced cytochrome 
c, respectively; [cytochrome Fe***] = the concentration of oxidized cytochrome ¢; 
l = the length of the cell in cm.; D; = the density of the mixture of reduced and 
oxidized cytochrome c; D, = the’ density of completely reduced cytochrome c. 
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or as substrate was unaffected by the addition of Tetrahymena homogenate, 
(7 indicating the absence of a specific cytochrome oxidase inhibitor in the cili- 
O- ate preparation. For the spectrophotometric test, each cuvette contained 
nl., 2.7 X 10-° m reduced cytochrome c, 3.3 X 10-7 m NasHPO.-KH>2PO, 
in- buffer, pH 7.4, 0.2 ml. of Tetrahymena homogenate or 0.05 to 0.1 ml. of a 
ub- 
ach TaBLeE III 
| at Comparison between Activities of Homogenates of T. pyriformis S and W and Rat 
ites Tissues towards Various Substrates 
led, See the text for the concentration of additions. 
lue, Homogenate tested* 
bees Additions Measurement “ar a 
tion Rat Rat Bo) 2A es pyri- 
liver lung | pyriformis| formis W 
yua- (3)t (2) | S (4) | @) 
| 
Ascorbic acid + ferricyto-| O2 uptake | 393 52 | 0 0 
chrome c 
Hydroquinone + ferricyto-| ‘* ‘ 575 ; = 0 
chrome c | 
f six Ferrocytochrome c Oxidation of ferrocyto- | 169 57 0 0 
o be chrome c | 
ndi- Succinate + ferricyto- O2 uptake | | 251 105 
chrome c 
from Succinate + ferricyto- a ‘a Ys 
C at- chrome c + NaCN 
1 the ¥ 5 Reduction of ferricyto- 1.78 
ty of chrome c 
= * The figures in parentheses indicate the number of determinations. 
1€ Te- + When O2 uptake was measured, the values represent the QO: (N) (microliters 
of O2 per hour per mg. of N) calculated from the first 10 minutes. When either the 
when oxidation of ferrocytochrome c or the reduction of ferricytochrome c was measured, 
orbie the values represent the specific activity (per minute per mg. of N). For the test 
‘ involving the oxidation of ferrocytochrome c, the specific activity was obtained 
74 from the first order reaction rate constant in a manner similar to that described in 
or i. 


the text for succinic dehydrogenase, except that log [cytochrome Fe**+] was plotted 
n the against time. 


-adily 

rcon- — suitable dilution of rat tissue homogenate, and distilled water to make a 
Lung § final volume of 3.0 ml. 

(26). The data in Table III also indicate that the aerobic oxidation of succi- 


¢ acid nate by Tetrahymena homogenate is completely inhibited by 1.0 x 10- 

mNaCN. (Since the primary objective in this case was to show a quali- 
—_ tative effect, no attempt was made to employ balanced alkali-cyanide mix- 
ad and | ‘Uresin the center well.) This is consistent with the observation that 1.0 
¢. X 10* m NaCN completely inhibits the endogenous respiration of whole 








XUM 
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cells at pH 7.4. Sodium azide (2.4 X 10-* M), on the other hand, was found 
to stimulate respiration by about 20 per cent at pH 6.9. 

Absence of Other Oxidizing Enzymes—Attempts were made to demon- 
strate choline dehydrogenase and sarcosine oxidase activities in cell-free 
homogenates of 7’. pyriformisS. Choline dehydrogenase was assayed spec. 
trophotometrically at 25° by the method of Eichel (24) and manometrically 
at 30° by the method of Williams eé al. (27) with and without cytochrome 
c. Sarcosine oxidase was studied manometrically at 30° by the method of 
Mackenzie (28), except that the vessels contained cytochrome c. In none 
of these test systems was any activity detected. 

DISCUSSION 

According to Ryley (8), homogenates prepared from 7’. pyriformis GL, 
are unable to catalyze the oxidation of succinate in the presence of atmos. 
pheric oxygen, although they exhibit succinic dehydrogenase activity as 
determined by anaerobic reduction of methylene blue. He also reported 
that homogenates prepared from strain GL displayed no cytochrome ox:- 
dase activity towards p-phenylenediamine. In the present study, cell-free 
homogenates of 7’. pyriformis S and W likewise exhibited no cytochrome 
oxidase activity towards reduced cytochrome c when assayed spectrophoto- 
metrically or towards ascorbic acid or hydroquinone when tested mano- 
metrically. However, these homogenates rapidly oxidized succinate under 
aerobic conditions, a finding in agreement with previous observations (9, 
10). 

In this study, the succinic dehydrogenase activity of S strain homoger- 
ates, as measured by reduction of cytochrome c, was low. If it is as 
sumed that 4 moles of cytochrome c are equivalent to 1 mole of O» and that 
the temperature coefficient for the range 25-35° is at most 3, it can be cal- 
culated that in the presence of succinate the initial rate of reduction at 
30° is 3.00 X 10 um of cytochrome c per minute per ml. of homogenate. 
Such a reaction would cause the uptake of 1.68 ul. of O2 per 10 minutes. 
Actually, the O2 consumption by a 1 ml. aliquot of the same homogenate 
in the presence of succinate was found to be 47 ul. per 10 minutes. 

The absence of cytochrome oxidase activity, the inability of the reaction 
involving cytochrome c reduction by succinate to keep pace with the aero 
bic oxidation of succinate, and the insensitivity of this reaction to cyanide 
suggest that the transport of hydrogen atoms (or electrons) from suet 
nate to molecular oxygen proceeds through a different pathway than the 
classical type of respiratory system discussed by Keilin (2) and outlined 
more recently by Slater (29). In addition, if one assumes the identity d 
the antimycin-sensitive factor (23) with the BAL-sensitive component (29) 
of the mammalian succinoxidase system, then the high resistance to anti- 
mycin exhibited by the ciliate system may possibly be taken as further ev 
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dence for a varying oxidative pathway in 7’. pyriformis S. The results of 
experiments performed with strain W (Table III) would appear to place 
its respiratory system in a similar category. 

The properties of the succinate-oxidizing system of 7’. pyriformis S are 
similar to those described by Kun and Abood (4) for a partially purified 
succinoxidase preparation obtained from S. aertrycke. The latter was de- 
void of cytochrome oxidase activity, was partially inhibited by cyanide, 
and reduced cytochrome c, although the reduction was unaffected by the 
addition of succinate. It is possible that in T. pyriformis S (and W) the 
reaction of molecular O, with succinate is mediated by a flavoprotein, as 
was suggested by Kun and Abood (4) for S. aertrycke and by Bueding and 
Charms (5) for A. lumbricoides. While the exact nature of the mammalian 
succinoxidase system is not known, Axelrod et al. (30, 31) have suggested 
that a flavin component is involved. The possibility that the mammalian 
succinic dehydrogenase enzyme itself may be a flavoprotein has been 
pointed out by Ball and Cooper (32). In view of the sensitivity of the 
protozoan system to cyanide, it would appear that a metalloprotein is in- 
volved, either directly or indirectly, in the oxidation of succinate. It is 
also of interest to recall that cyanide abolished the activity of Krebs’ (33) 
original L-amino acid oxidase, considered to be a flavoprotein. The ques- 
tion of the nature of the ciliate enzyme system is under investigation. 

Some idea of the catalytic activity exhibited by Tetrahymena homogenate 
towards succinate, as measured manometrically, can be obtained by com- 
paring the rate with the succinoxidase level of an active mammalian tissue. 
At 30°, the average QO. (N) of the ciliate system was 307 (Table I); this 
is of the order of magnitude generally obtained for the rat liver succinoxi- 
dase system, although somewhat higher values, due probably to differences 
in strain, age, diet, and handling of tissues, have been observed. On the 
other hand, the succinic dehydrogenase activity of homogenates of 7’. pyri- 
formis S, as measured by reduction of cytochrome c, proved to be about 15 
times less than that of rat liver. 

Seaman (10) determined the conditions for the optimal assay of the suc- 
cinate-oxidizing enzyme of 7’. pyriformis S and reported that the average 
QO, of 2 day-old cultures was 7.0 at 25.6°. Assuming that the tempera- 
ture coefficient of this reaction is as high as 3, the rate would still fall con- 
siderably short of the value of 31.4 observed in the present study at 30° 
under comparable conditions of growth, dry weight determination, ete., and 
without attempting to ascertain the optimal requirements of the system. 
This discrepancy might be due to the fact that the cells were homogenized 
differently in the two studies, the greater activity in the present investiga- 
tion resulting from a more favorable dispersion of the components of the 
system. 

Other differences were noted between the strain studied here and that 
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investigated by Ryley (8). T. pyriformis S organisms were killed by ex. 
posure to 38° for 2 hours, whereas the GL strain was reported to flourish 
at 37°. While the endogenous respiration of the latter strain was inhibited 
only 18 per cent by 4.6 X 10-* m cyanide, that of the S strain was almost 
completely inhibited by 1.0 X 10-* m cyanide. The respiration of both 
the S and GL strains was stimulated by sodium azide at low concentra. 
tions. In so far as N content is concerned, approximately 12.8 per cent of 
the dry weight is present as N in strain S, a value in good agreement with 
the 11.2 per cent level found for strain GL. 


SUMMARY 


1. Homogenates of Tetrahymena pyriformis S and W were assayed for 
the presence of several enzymes known to comprise the succinoxidase sys- 
tem of mammalian tissues. 

2. These homogenates actively oxidized succinate in the presence of oxy- 
gen, but displayed no cytochrome oxidase activity as measured by several 
procedures which readily revealed the presence of this enzyme in rat tis- 
sues. However, the oxidation of succinate was completely abolished by 
1.0 X 10-* m cyanide in the manometric assay. 

3. A comparison of the succinate oxidation (O2 consumption) with the 
succinic dehydrogenase activity (cytochrome c reduction) indicated that 
the latter was low. In accord with the absence of cytochrome oxidase ac- 
tivity, the reaction involving cytochrome c reduction was unaffected by the 
omission of cyanide from the system. 

4. Antimycin inhibited the oxidation of succinate, but at levels much 
greater than those which have been reported for the mammalian succinox- 
dase system. 

5. These experiments suggest that the succinoxidase system of the ciliates 
T. pyriformis S$ and W differs markedly from the classical type of respira- 
tory system, and that, in these organisms, the enzyme system comprises 
either a flavoprotein or a metalloprotein similar to, but not identical with, 
cytochrome oxidase. 

6. Choline dehydrogenase and sarcosine oxidase activities were not de- 
tected in homogenates of T. pyriformis S. 


The author wishes to thank Dr. Gerald R. Seaman for supplying a cul- 
ture of T. pyriformis 8. 


BIBLIOGRAPHY 


1. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 129, 277 (1940). 
2. Keilin, D., Ergeb. Enzymforsch., 2, 239 (1933). 

3. Pappenheimer, A. M., Jr., and Hendee, E. D., J. Biol. Chem., ‘180, 597 (1949). 
4. Kun, E., and Abood, L. G., J. Biol. Chem., 180, 813 (1949). 













































Oxy- 
veral 
; tis- 
d by 


1 the 

that 
se At- 
y the 


much 
inoxi- 


liates 
spira- 
prises 
with, 


ot de- 


a cul- 





5. 


H. J. EICHEL 169 


Bueding, E., and Charms, B., Nature, 167, 149 (1951). 


6. Paul, K.-G., in Sumner, J. B., and Myrbick, K., The enzymes, New York, 2, 


pt. 1 (1951). 
. Chance, B., and Smith, L., Ann. Rev. Biochem., 21, 687 (1952). 
. Ryley, J. F., Biochem. J., 62, 483 (1952). 


9, Seaman, G. R., and Houlihan, R. K., Arch. Biochem., 26, 436 (1950). 
10. Seaman, G. R., J. Gen. Physiol., 34, 775 (1951). 


. Seaman, G. R., Arch. Biochem. and Biophys., 35, 132 (1952). 

. Eichel, H. J., and Roth, J. S., Biol. Bull., 104, 351 (1953). 

. Schneider, W. C., and Potter, V. R., J. Biol. Chem., 149, 217 (1943). 

. Potter, V. R., and Albaum, H.G., J. Gen. Physiol., 26, 443 (1942-43). 

. Schultze, M. O., J. Biol. Chem., 129, 729 (1939). 

. Baker, E.G.S., and Baumberger, J. P., J. Cell. and Comp. Physiol., 17, 285 (1941). 
. Potter, V. R., and Schneider, W. C., J. Biol. Chem., 142, 543 (1942). 

. Swingle, K. F., Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 146, 581 


(1942). 


. Keilin, D., and Hartree, E. F., Biochem. J., 44, 205 (1949). 
. Boyer, P. D., Biol. Bull., 108, 314 (1952). 
. Dunshee, B. R., Leben, C., Keitt, G. W., and Strong, F. M., J. Am. Chem. Soc., 


71, 2436 (1949). 


. Ahmad, K., Schneider, H. G., and Strong, F. M., Arch. Biochem., 28, 281 (1950). 
. Potter, V. R., and Reif, A. E., J. Biol. Chem., 194, 287 (1952). 

. Eichel, H. J., Federation Proc., 12, 199 (1953). 

. Ebisuzaki, K., and Williams, J. N., Jr., J. Biol. Chem., 200, 297 (1953). 

. Stotz, E., J. Biol. Chem., 181, 555 (1939). 


. Williams, J. N., Jr., Litwack, G., and Elvehjem, C. A., J. Biol. Chem., 192, 73 
(1951). 

. Mackenzie, C. G., J. Biol. Chem., 186, 351 (1950). 

. Slater, E. C., Biochem. J., 45, 14 (1949). 

. Axelrod, A. E., Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 142, 85 (1942). 

. Axelrod, A. E., Swingle, K. F., and Elvehjem, C. A., J. Biol. Chem., 146, 297 
(1942). 


32. Ball, E. G., and Cooper, O., J. Biol. Chem., 180, 113 (1949). 


. Krebs, H. A., Biochem. J., 29, 1620 (1935). 











Ma 
the co 
inert 1 
active 
efforts 
of adiy 
edge r 
pose t 
cent b 
ies on 

The 
active 
(5). | 
oxide j 
surviv 
radioa 

Ina 
the in 
carbor 
adipos 
The re 
been 1 


Rad 
synthe 
Barke 


from ’ 





















METABOLISM OF ADIPOSE TISSUE 


1. INCORPORATION OF ACETATE CARBON INTO LIPIDES BY SLICES 
OF ADIPOSE TISSUE 


By D. D. FELLER 


(From the Radioisotope Unit, Veterans Administration Hospital, and the 
Department of Medicine of the University of Washington School of 
Medicine, Seattle, Washington) 


(Received for publication, July 23, 1953) 


Mainly through studies in vitro by Wertheimer and his colleagues (1-3), 
the concept of the metabolism of adipose tissue has changed from that of an 
inert tissue dealing primarily with fat storage to that of a metabolically 
active tissue concerned with major biochemical reactions. Despite the 
efforts of these and other workers, our present knowledge of the metabolism 
of adipose tissue is slight compared with the large accumulation of knowl- 
edge resulting from studies carried out on other mammalian tissues. Adi- 
pose tissue constitutes a relatively large body compartment, up to 18 per 
cent by weight of the total body of normal man (4), and, thus, further stud- 
ies on this tissue in vitro seemed of prime importance. 

The ability of adipose tissue to synthesize fat and thus contribute to 
active lipide metabolism was suggested by Tuerkischer and Wertheimer 
(5). Shapiro and Wertheimer (2) demonstrated incorporation of deuterium 
oxide into fatty acids of adipose tissue. Recently, Feller (6) has shown that 
surviving adipose tissue slices were able to synthesize fatty acids from 
radioactive acetate. 

In an extension of this latter work, the present communication deals with 
the incorporation of acetate-1,2-C™, acetate-1-C™, acetate-2-C", and bi- 
carbonate-C' into saponifiable lipides and non-saponifiable lipides of 
adipose slices, as well as with the appearance of C™ in the respiratory CO». 
The results are compared with those obtained from liver slices which have 
been used as a control tissue. — 

EXPERIMENTAL 
Materials 

Radioactive Substrates—C“H;C“OONa was prepared from CQ, bio- 
synthetically with the aid of Clostridium thermoaceticum by the method of 

Barker and Kamen (7). C'H;COONa and CH;C“OONa were purchased 
from Tracerlab, Inc. Bicarbonate-C" was prepared from BaC'Os. 
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Methods 


Preparation and Treatment of Tissue Slices—Male mice of the white 
Swiss strain were used throughout. They were fed ad libitum an adequate 
diet of Purina laboratory chow to the time of sacrifice. The adult mice 
were killed by separation of the cervical vertebrae; the liver and adipose 
tissues were rapidly removed. The inguinal subcutaneous fat was found 
suitable for slicing. It was chilled briefly in a cold (0—2°) bicarbonate. 
Ringer’s solution prepared according to Krebs and Henseleit (8) and trans. 
ferred to an aluminum slicing block, the base of which was immersed in ice 
water. Under these conditions, the tissue remained firm and could be 
sliced readily with a thin razor blade into sections approximately 0.5 mm. 
thick. 700 mg. of slices were gently blotted on moist filter paper, weighed 
rapidly, and transferred to a 50 ml. modified Erlenmeyer flask designed for 
CO, collection. Each flask contained 7.0 ml. of Krebs-Ringer-bicarbonate 
solution fortified with 0.01 m succinate, 0.011 m glucose, and 0.001 radio. 
active acetate. The solution was saturated with a gas mixture consisting 
of 5 per cent CO. and 95 per cent O2, and the pH was adjusted to 7.4 just 
before addition of the slices. The flask was equipped with a center well in 
which was placed a fluted piece of filter paper. The flask was tightly 
stoppered with a serum bottle cap and incubated at 37.5° for 3 hour. 
At the end of this period, a long needle was pushed through the cap and 
0.5 ml. of 30 per cent KOH was added to the center well. The reaction 
was stopped and CO: released by the addition of 0.2 ml. of 10 n H,S80, 
to the main compartment. The flask was allowed to remain stoppered 
for an additional 30 minutes to permit complete absorption of the C0, 
by the alkali. 

Analytical Procedures—The respiratory CO: in the well contents and 
rinsings was made to a known volume and an aliquot taken for conversion 
to BaCO; and subsequent radioactivity measurements as outlined by 
Chernick et al. (9). 

The contents of the flask were saponified in 25 ml. of 10 per cent alcoholic 
KOH by refluxing overnight on a steam bath. The lipides were separated 
into saponifiable and non-saponifiable fractions by a modification of the 
method of Kaplan and Chaikoff (10). The fatty acid content was deter- 
mined by weight and titration; the non-saponifiable fraction was deter- 
mined by weight. Total nitrogen was determined by the micro-Kjeldabl 
procedure according to Ma and Zuazaga (11). 

The possibility that non-utilized acetate was being carried along with the 
fatty acid and non-saponifiable fractions was discarded by the following 
tests. Flasks containing tissue were prepared as described above. To 
four flasks, 0.001 m NaCN was added; in four others, the incubation tem- 
perature was raised to 55°. Isolation of lipides was then carried out in the 
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usual manner, and the lipides were tested for radioactivity. There was no 
radioactivity observed in either fraction under these conditions. 

C-containing materials were oxidized to CO. by the method of Van 
Slyke and Folch (12). The CO. evolved was collected as BaC“O; on 
filter paper and determined by the method of Entenman et al. (13). 


Results 


Male mice were employed throughout because of the well defined sub- 
cutaneous inguinal fat which could be obtained readily, quickly frozen, and 
sliced with good success. Table I shows the results of some chemical 
studies carried out on this tissue. The total lipide of this tissue constituted 


TaBie I 
Analytical Data from Adipose Tissue and Liver 


The analyses were carried out on individual samples ranging in weight from 400 
to 800 mg. of tissue. The numbers in parentheses represent the number of separate 
determinations. 


| Tissue composition | 


. P IN lizati 

Tisve NA Raegiet weet | equivalents o 

Fatty acids | eat ean | Nitrogen content fatty acids 

pides | | 
: per cent =) oer cent | yo ont ro 

Adipose | 73.5 + 0.7*| 5.1 40.3) 0.342 + 0.009 0.92 + 0.01) 272 4 4 

(23) (23) / (10) (10) | (10) 
Liver | 7.15 + 0.70) 4.60 + 0.50 3.18 + 0.02! 0.31 + 0.00 

(19) | 


(19) (10) (10) 


* Standard error of the mean. 

about 80 per cent of the fresh wet weight. While the non-saponifiable 
lipide content of the adipose tissue was comparable with that of liver, 5.1 
per cent and 4.6 per cent, respectively, the saponifiable fatty acid fraction 
was 10 times as great. Thus, for equal fresh weight of tissue, the liver con- 
tained a much greater amount of cytoplasm. As is shown in Table I, the 
nitrogen content of adipose tissue was 0.34 per cent, while that of liver was 
3.2 per cent. 

The neutralization equivalent of the total fatty acids isolated from the 
adipose tissue was found to be 272. This indicates that the major com- 
ponent of fatty acids isolated has a chain length of Cis to Cis. No attempt 
to separate long chain fatty acids from short chain fatty acids was made. 

In preliminary respiration studies carried out by the Warburg technique, 
the effect of addition to the media of various substrates, acetate, propi- 
onate, glucose, succinate, and a-ketoglutarate, was tested. Of these, suc- 
tinate gave a marked increase in oxygen uptake, and glucose a moderate 
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increase. These substances, succinate and glucose, also increased the cop- 
version of radioactive acetate into fatty acids of adipose tissues and were, 
therefore, added to the Krebs-bicarbonate media in the concentrations 
given above. 

Acetate-1 ,2-C'* Experiment—The conversion of C“ from acetate-1 ,2-04 
into the fatty acid fractions of adipose tissue and liver was found to be of 
the same order of magnitude (Table II). When compared on a fat-free 
tissue basis, per 100 mg. of fresh tissue, adipose tissue fatty acids contained 
1.93 per cent of the added radioactivity, while liver fatty acids contained 
1.12 per cent. The results indicate that adipose tissue is, on this basis, ag 
active and probably more active than liver in its ability to convert acetate 
to newly formed fatty acids. If the conversion of acetate to fatty acid for 
these tissues is compared on a nitrogen basis, which is more representative 
of enzyme content, the difference in synthesizing rates is even more favor. 
able to adipose tissue. 

By contrast, the incorporation of C from labeled acetate into the choles. 
terol-containing non-saponifiable fraction of adipose tissue was negligible. 
Liver, as might be expected, converted appreciable amounts of C"*-acetate 
into non-saponifiable lipides. Since the adipose tissue contained non- 
saponifiable lipides (Table I), its ability to synthesize only fatty acids from 
acetate might indicate a specialized function in this regard. 

Liver oxidized acetate-1,2-C™ at a much faster rate than did adipose 
tissue; 3.14 per cent of the C' was recovered in the expired carbon dioxide 
of liver per 100 mg. of fat-free tissue, compared with 0.98 per cent for adi- 
pose tissue. 

Acetate-2-C'' Experiment—The recoveries of C™ in carbon dioxide and 
non-saponifiable lipides when acetate-2-C™“ was used as a substrate differ 
slightly from those obtained when acetate-1 ,2-C™ was used (Tables II and 
III). About 0.7 per cent of C' from acetate-2-C" was recovered in carbon 
dioxide per 100 mg. of fat-free adipose tissue; 0.03 per cent was found in 
non-saponifiable lipides. The liver converted 2.08 per cent of acetate-2-C" 
into carbon dioxide and 1.54 per cent into non-saponifiable lipides. It will 
be noticed that the oxidation of the methyl group of acetate proceeded ata 
slower rate than the carboxyl group in both tissues. 

The conversion of methyl-labeled acetate to fatty acids in adipose tissue 
and liver was approximately equal; 1.22 per cent was recovered in the 
former and 1.39 per cent in the latter. Since the doubly labeled acetate 
was more readily converted to adipose fatty acid, the data suggest the 
possibility that the individual carbons of acetate might have separate 
metabolic pathways in this tissue. This was tested in the subsequent 
experiments. 

Acetate-1-C™, Bicarbonate-C'* Experiment—Table IV shows that the te 
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eoveries of radioactivity in carbon dioxide and non-saponifiable lipides, 
starting with acetate-1-C“, compare favorably with the data reported 


Taste II 
Conversion of Acetate-1,2-C™ to Fatty Acids, Non-Saponifiable Lipides, and Carbon 
Dioxide by Slices of Adipose Tissue and Liver 
500 + 50 mg. of tissue slices were incubated for 3 hours at 37.5° with 0.001 m ace- 
tate-1,2-C'*. The total activity added to each flask was 200,000 c.p.m. 5.0 ml. of 
Krebs-bicarbonate buffer enriched with 0.01 m succinate and 0.011 m glucose were 
used. 


C recovered as C per 100 mg. fat-free tissue recovered as 
“4 Faiz | samme | co, | ratty ec [Nomsppenidable) co, 
lipides 
tal | teat | teat | perc | percent | pore 

l Adipose 2,390 0*, 1,450 1.63 0* 0.99 

2 op 3,550 0 2,070 1.64 0 0.96 

3 i 7,500 0 2,390 3.13 0 1.00 

4 aa 3,360 0 840 (2.01 0 (0.51 

5 aa | 2,110 0 1,430 |2.22 0 11.37 

6 - 4,040 0 2,230 |1.84 0 11.02 

7 sig 4,120 0 1,730 \2.24 0 0.94 

8 ™ 2,200 0 1,850 |1.22 0 11.03 

9 «“ 3,300 0 | 2,210 1.46 0 (0.98 
- | ae 
Mean ‘ 1.93 + 0.1970 \0.98 + 0.01 
10 Liver 7,800 7,600 26,600 0.92 0.90 13.14 
ll "= 23,700 6,900 | 27,400 2.70 0.78 3.11 

12 mi 5,000 | 4,400 | 24,800 0.61 0.54 3.05 

13 - 7,800 | 9,300 | 22,400 |1.20 1.97 \3.44 

14 sa 11,600 | 8,600 | 26,700 1.55 1.15 3.58 

15 “3 7,500 | 9,900 | 27,900 |0.87 1.15 i 

16 - 4,720 | 6,900 | 30,500 0.70 1.31 |3.13 

17 “i 11,500 14,000 | 29,800 |1.08 1.32 2.80 

18 wis 6,800 9,600 | 30,200 0.62 0.88 2.76 

Mean...... me OF SAN Byer ee ee 1.12 + 0.22 1.11 + 0.14'3.14 + 0.09 


* All counting rates which were less than 1.3 times background are reported as 
zero. 


t Standard error of the mean. 


above. 0.93 per cent of added acetate-1-C™ was recovered in the carbon 
dioxide fraction per 100 mg. of fat-free adipose tissue; 3.75 per cent was 
tecovered in liver. These values agree more closely with those obtained 
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700 + 50 mg. of tissue slices were incubated for 3 hours at 37.5° with 0.001 y 
7.0 ml. of Krebs-bicarbonate buffer enriched with 0.01 M succinate 


acetate-2-C. 


ACETATE 


TaBLe III 
Conversion of Acetate-2-C'4 to Fatty Acids, Non-Saponifiable Lipides, and Carbon 


METABOLISM IN ADIPOSE TISSUE 


Dioxide by Slices of Adipose Tissue and Liver 


and 0.011 m glucose were used. 


Experiment 
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Noor wd 
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22 
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Tissue 


Adipose 


“ 


Radioactivity 
supplie 





total c.p.m. 


455, 000 
450 , 000 
450, 000 
450, 000 
450, 000 
450 , 000 


455,000 
455,000 
455,000 
455,000 
450,000 
450,000 
450,000 
450,000 
560, 000 


| 20,700 


C™ recovered as 


Fatty 
acids 


total 
c.p.m. 


3,640 
9,300 
17,700 


11,900 
2,060 | 
3,470 
11,700 
3,060 
3, 680 


30,000 
24, 400 
51,900 
32, 500 
54,800 
53, 500 
43, 500 
44,800 
37,300 


60,200 | 


Non- 
saponi- 
fiable 
lipides 


total 

C.p.m. 
78 
229 
486 
412 
217 
158 
132 
378 
116 

0* 

137 


18,600 


19,700 | 


46,700 
25, 300 
123,000 
56, 500 
39, 900 
56, 500 
36, 900 
57,000 
45, 200 


CO: | acids | fiable CO; 
| lipides 
al | per cent | per cent | per ceni 
3,780 |0.59 (0.01 0.62 
5,650 |1.16 |0.03 (0.70 
2,690 |2.76 |0.08 0.4 
5,760 2.60 (0.05 0.72 
4,150 |1.88 0.03 0.66 
3,050 10.45 (0.03 0.66 
3,990 |0.47 0.02 0.53 
7,780 |1.66 (0.05 1.11 
3,810 |0.53 (0.02 0.67 
3,620 10.65 (0* (0.68 
4,100 |0.72 0.03 0.80 
| 

122-10. 03. 0. 
(0.26 0.01 0.05 

57 , 200 0.85 a \1.62 
60,800 0.69 (0.55 [1.72 
53,300 |1.73 [1.54 {1.75 
61,700 [0.94 |0.73 [1.78 
57,700 |1.94 |4.36 |2.04 
81,400 1.54 [1.62 (2.35 
63,300 11.57 1.44 |2.2 
55,900 |1.57 1.98 1.9% 
76,000 1.21 1.20 2.47 
80,800 1.75 1.66 2.35 
79,000 1.54 1.36 2.55 
1.394 1.544 2.084 





C** per 100 mg. fat-free 
tissue recovered as 


Non- 


| Fatty | saponi- 


0.15 0.32 0.10 


* All counting rates which were less than 1.3 times the background are reported 
as zero values. 
¢ The molarity of acetate-2-C™ was 0.005. 
t Standard error of the mean. 
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when acetate-1 ,2-C" was used as a substrate than when acetate-2-C™ was 
used. 


The extent of incorporation in fatty acids of labeled carbon from car- 


TaBLe IV 
Conversion of Acetate-1-C'* to Fatty Acids, Non-Saponifiable Lipides, and Carbon 
Dioxide by Slices of Adipose Tissue and Liver 
700 + 30 mg. of tissue slices were incubated for 3 hours at 37.5° with 0.001 m ace- 
tate-1-C'. The total activity added to each flask was 770,000 c.p.m. 7.0 ml. of 
Krebs-bicarbonate buffer enriched with 0.01 m succinate and 0.011 m glucose were 
used. 














C™ recovered as C™ per 100 mg. fat-free tissue recovered as 
Eaperiment Tissue : Shs aoe ‘ 
os acids. (fablelipides| CO: | Fatty acids Now-sipenable| co, 
—_ a | : 
= total c.p.m. Bd | per cent | per cent per cent 

l Adipose 31,200 637 17, 100'2.24 0.05 1.23 

2 “i 34, 600 713 13, 900/3.13 0.07 1.26 

3 ° 26, 800 108 5,090/2.24 0.01 0.43 

4 | ° 17,800 311 6, 400|1.60 0.03 0.57 

5 | “ 24,500. 260-~«:14, 400/3.46 0.02 1.09 

6 “s 20,700 80 12, 400/2.12 (0.01 1.27 

, 1 " 27 , 300 348 | 10,400/2.22 (0.03 \0.84 

8 | o 36, 900 892 8, 630/3 .07 0.07 10.72 

—————$— —_— - | - _ = 
| 
Mean........... } | .|2.51 + 0.22*0.04 + 0.01/0.93 + 0.12 
‘i: 

9 Liver 71,500 39,500 171,0001.50 0.83 3.59 

10 a 60,600 49,400 228, 000|1 . 25 \1.02 4.72 

ll = 89,000 61,600 145, 000|1.72 1.19 2.80 

12 i 59,700 24,200 178, 000)1.34 0.54 3.98 

13 oe 88,000 126,000 (139,000/1.73 2.48 2.74 

14 ” 59,400 42,700 (180,000)1.21 0.87 3.67 

15 ” 34,300, 32,400 198, 000)0.63 0.60 3.65 

16 27 24,400 20,900 228, CO00.2 0.44 4.82 


Mean...... ; veceeeeeeee eee (L244 se 0.16 |1.00 + 0.233.75 + 0.27 


* Standard error of the mean. 


boxyl-labeled acetate was strikingly different. The adipose tissue con- 
verted 2.51 per cent of the radioactivity supplied to fatty acids. This 
proved to be about twice the amount of this substrate converted by liver to 
fatty acids (1.24 per cent) after a 3 hour incubation period. Furthermore, 
of particular interest is the much greater conversion to fatty acids of the 
carboxyl carbon than of the methyl carbon of acetate in the case of adipose 
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tissue. Twice as much C" was recovered in this fraction when the former 
was used as a substrate than when the latter was used. In the case of liver, 
carboxyl carbon and methyl carbon were incorporated into fatty acids at 
comparable rates. 

To obtain information on the mechanism by which the carboxy! carbon 
atom of acetate contributes more directly toward fatty acid synthesis jn 
adipose tissue, experiments were performed with bicarbonate-C™. This 
compound was selected in order to test the possibility that the carboxy 
carbon passes through the stage of carbon dioxide before incorporation to 
fatty acids. Adipose tissue and liver slices were incubated with 0.001 x 
bicarbonate-C™ under conditions identical with those described above. In 
a total of twelve experiments, the recovery of C™ in fatty acids and non. 
saponifiable lipides in both tissues proved to be negligible (the counting 
rate was less than 1.3 times the background). This experiment would 
eliminate the possibility that bicarbonate was an obligate intermediate in 
the conversion of carboxyl carbon of acetate to fatty acids in adipose tissue. 


DISCUSSION 


In a recent review, Raper (14) has indicated the need for biochemical 
investigations in two fields of lipide metabolism; namely, metabolism of the 
germinating seedling and metabolism of adipose tissue. Newcomb and 
Stumpf (15) have reported the first in a series of studies on fat metabolism 
in higher plants in which these workers demonstrate active incorporation of 
acetate and other substrates into the fatty acids of cotyledon slices from 
developing and germinating peanuts. 

Shapiro and Wertheimer (2) were able to show that macerated adipose 
tissue incubated in vitro with D.O-enriched serum contains fatty acids with 
stably bound deuterium. These workers found liver to be more active in 
renewing its fatty acids than adipose tissue; however, the authors point out 
that, inasmuch as the total amount of fatty acids in adipose tissue is many 
times greater than that in liver, adipose tissue may be responsible for a high 
percentage of the total quantity of fat synthesized in the body, in spite d 
the slower turnover in this tissue. As pointed out by Lehninger (16), the 
extent of incorporation observed was very small and close enough to the 
limit of sensitivity of the method employed by Wertheimer and Shapiro to 
require some qualification by the authors. 

The results reported here confirm and extend the assumption that adipose 
tissue is capable of active catabolic and anabolic metabolism and that this 
tissue can synthesize readily fatty acids from acetate. When the values 
obtained for synthesis of fatty acids are reduced to a cytoplasmic unit, 
namely fat-free tissue or total nitrogen content, adipose tissue can form 
fatty acids at rates equal to or greater than those rates found for liver 
slices. 





Adi 
even 
It mi 
origin 
and d 
parisc 
adipo: 

Adi 
acetat 
substi 
carbo: 
carbo 
by Ne 

Of 1 
tate n 
was C¢ 
bon. 
to oce 
a l-ca 
canno 


Lt 
acetat 
able li 

2. A 
choles’ 

3. A 
to one 
respire 

4, F 
tissue 
ona fg 

5. T 
twice | 
that ir 


atoms 


1. Wer 
2. Sha 
3. Sha 


rmer 
iver, 
ls at 


rbon 
is in 
This 
xy! 
On to 
1 
In 
non- 
nting 
vould 
ate in 
issue. 


mical 
of the 
b and 
dolism 
tion of 
3 from 


dipose 
ls with 
tive in 
int out 
; many 
a high 
spite ol 
6), the 
to the 
ipiro to 


adipose 
hat this 
» values 
ic unit, 
an form 
‘or liver 





D. D. FELLER 179 


Adipose tissue forms only small amounts of cholesterol from acetate, 
even though there are appreciable quantities of cholesterol in the tissue. 
It might be assumed that cholesterol and other non-saponifiable lipides 
originate primarily in other tissues, are carried by the blood to the fat cells, 
and deposited. An evaluation of the réle played by fat transport in com- 
parison with synthesis de novo in the origin of total fatty acid content of 
adipose tissue cannot be made from the data presented here. 

Adipose tissue can oxidize appreciable quantities of acetate-1-C™ and 
acetate-2-C'* to carbon dioxide; however, the rates of oxidation of these 
substrates are about one-third to one-fourth those found for liver. The 
carboxyl carbon of acetate was oxidized to a greater extent than methyl! 
earbon in both tissues, which agrees with the acetate oxidation data found 
by Newcomb and Stumpf in higher plants (15). 

Of noteworthy interest is the specific réle of carbons 1 and 2 of the ace- 
tate molecule in forming fatty acids in fat depots. The carboxyl carbon 
was converted to fatty acid carbon at a rate twice that of the methyl car- 
bon. The greater incorporation of the carboxy] atom of acetate was shown 
tooecur by a pathway not involving free carbon dioxide. The possibility of 
a l-carbon intermediate such as formate (or an “active” formyl derivative) 
cannot be excluded. These aspects of the problem are under investigation. 


SUMMARY 


1. Slices from adipose tissue and liver were incubated with C-labeled 
acetate, and the respiratory carbon dioxide, fatty acids, and non-saponifi- 
able lipides were isolated and analyzed for radioactivity 

2. Adipose tissue converted only negligible amounts of acetate into the 
cholesterol-containing non-saponifiable lipide fraction. 

3. Adipose tissue oxidized acetate to carbon dioxide at a rate one-third 
to one-fourth that of liver tissue. The percentage recovery of C™ in 
respiratory CO. was greater for acetate-1-C™ than for acetate-2-C™. 

4. Recovery of C™ from C-labeled acetate in fatty acids of adipose 
tissue was as great or greater than recovery in liver slices when compared 
ona fat-free wet tissue basis. 

5. The percentage recovery of C™ in fatty acids of adipose tissue was 
twiee as great with acetate-1-C™ as with acetate-2-C". The possibility 
that in this tissue separate pathways exist for the metabolism of carbon 
atoms 1 and 2 of acetate is discussed. 
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THE INCORPORATION OF 8-AZAGUANINE INTO NUCLEIC 
ACIDS OF TUMOR-BEARING MICE* 


By H. GEORGE MANDEL, PIERRE-EMMANUEL CARLO, anp 
PAUL K. SMITH 


(From the Department of Pharmacology, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, August 3, 1953) 


A study of the metabolism of the carcinostatic agent 8-azaguanine 
showed that rapid deamination to 8-azaxanthine took place in the mouse 
and in the monkey (1). This metabolite was non-carcinostatic (2), indi- 
eating that 8-azaguanine was effective prior to this transformation The 
possible effect of 8-azaguanine upon the metabolism of purine bases in 
nucleic acids was then studied (3) in an attempt to discover a mechanism 
of action. The structural similarity between guanine and 8-azaguanine 
was responsible for the first hypothesis on the mechanism of action of 8- 
azaguanine by Kidder et al. (4), who suggested that it acted as a metabolite 
antagonist of guanine in the synthesis of nucleic acids. Recent studies in 
this laboratory (5) have shown that guanine-C™ is incorporated directly 
into the purine fraction of pentose nucleic acids (PNA) and desoxypentose 
nucleic acids (DNA) of livers of mice, whereas only a negligible amount of 
radioactivity was found in tumor nucleic acids. 

The effect of 8-azaguanine on the incorporation of guanine and 4-amino- 
}-imidazolecarboxamide in tumor-bearing mice was then studied (3). The 
results of these experiments led to the conclusion, however, that the car- 
cinostatic action of 8-azaguanine apparently was not due to a direct block- 
ing of guanine incorporation into nucleic acids. One possible explanation 
of the biological activity of 8-azaguanine was that after its incorporation 
into nucleic acids it might interfere with the normal biological functions of 
these nucleic acids. The incorporation of 8-azaguanine into nucleic acids 
has been reported by various investigators. Mitchell et al. (6) have indi- 
cated the presence of radioactivity in the nucleic acids after the administra- 
tion of 8-azaguanine-2-C™ to C57 mice, and Bennett et al. (7) have reported 
greater uptake of 8-azaguanine by an 8-azaguanine-susceptible tumor than 
by an 8-azaguanine-dependent tumor in leucemic mice. Heinrich e¢ al. 
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cer Institute, National Institutes of Health, United States Public Health Service 
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(8) have isolated 8-azaguanine from the PNA of Tetrahymena geleti W hal 
maximally inhibited by 8-azaguanine in a complete medium. 

A comparative study of the incorporation of guanine and 8-azaguanine 
would show to what extent these two analogues differed in their behavior 
and also might give some more information on the mechanism of the cay. 
cinostatic action of 8-azaguanine. For these reasons the experimental cop. 
ditions used for the incorporation of 8-azaguanine were identical with tho 
used in the incorporation of guanine as previously reported (5). Radio. 
carbon 8-azaguanine was injected into CAF, mice bearing sarcoma 37, and 
the nucleic acids from the livers and tumors were isolated and analyzed for 
radioactivity of the component purine bases. A preliminary report of the» 
investigations has already been presented (9). 


Materials and Methods 


The mice used throughout these studies (1, 3, 5) were of the CAF; straip 
bearing sarcoma 37, a tumor which is known to be susceptible to high dogs 
of 8-azaguanine (10). In this study subinhibitory doses were used. The 
synthesis of 8-azaguanine-4-C' was performed in this laboratory (1); % 
azaguanine-2-C" was furnished by the Southern Research Institute.! 

The 8-azaguanine was dissolved in 0.5 per cent sodium carbonate solution 
and administered intraperitoneally beginning on the 4th day after tumor 
transplant. In one experiment a total of six doses each of 25 mg. per kilo 
of the C,-labeled compound (specific activity 0.07 we. per mg.) was ad- 
ministered to twenty mice at 12 hour intervals. The animals were sacri- 
ficed 24 hours after the last injection. In the second experiment, a total o 
four doses each of 35 mg. per kilo of the C2-labeled compound (specific 
activity 0.8 we. per mg.) was injected into another group of twenty mice at 
12 hour intervals, and the animals were sacrificed 12 hours after the last 
injection. The livers and tumors of the animals were pooled separately, 
homogenized, and dried. The nucleic acids were extracted with hot 10 
per cent NaCl solution and were precipitated with alcohol. DNA was 
separated from PNA by dissolving the mixed nucleic acids in sodium hy- 
droxide and precipitating the DNA with hydrochloric and trichloroacetic 
acids. A known amount of non-radioactive 8-azaguanine was added asa 
carrier to the separated nucleic acids, and the mixtures were degraded to 
the purine bases by hydrolysis with 1 N HCl at 100° for 2 hours. The 
component purines were then separated by ion exchange chromatography 
on Dowex 50 resin (Fig. 1). Elution was begun with 0.75 N HCl at a drop 
rate of 0.6 ml. per minute. The individual purines in the eluent were 
measured spectrophotometrically. After the complete elution of 8-azagua- 
nine, guanine was eluted with 1.75 N HCl and adenine with 4 n HCl, ata 


1 Courtesy of Dr. L. L. Bennett, Jr., and Dr. H. E. Skipper. 
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drop rate of 1 ml. per minute. The cuts containing the desired purines 


were evaporated and the purines isolated and assayed for radioactivity by 
direct plating on glass plates. The activity was measured in a gas flow 
proportional counter. Details for the above procedures have been de- 


seribed (11). 
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Fig. 1. Chromatogram (Dowex 50 column) of purine bases from nucleic acid hy- 
drolysate after administration of 8-azaguanine plus carrier 8-azaguanine. 


Results 


The 8-azaguanine fraction obtained after degradation of the nucleic acids 
contained significant radioactivity. Since 8-azaguanine is not a natural 
constituent of nucleic acids, the specific activity of any 8-azaguanine in- 
corporated into nucleic acids should be identical with that of the injected 
labeled compound. The amount of 8-azaguanine contained in an aliquot 
of nucleic acids was computed by dividing the total activity (the product 
of the specific activity of the isolated 8-azaguanine and the amount of 
carrier added) by the specific activity of the injected 8-azaguanine. 
The quantity of guanine present in the aliquot of nucleic acid was deter- 
mined from the optical density measurements of the eluate. The weight 
in micrograms of 8-azaguanine present in nucleic acid samples containing 
| mg. of guanine is shown in Table I. Almost identical results were ob- 
tained in both sets of experiments with the Co- and C,-labeled 8-azaguanine. 
In order to verify these results on the incorporation of 8-azaguanine into 
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nucleic acids, several points needed further elucidation. It was necessary 
to determine (1) the absence of 8-azaadenine, (2) the actual incorporation 
of 8-azaguanine into nucleic acids, and (3) the absence of incorporation of 
other substances. 

Absence of 8-Azaadenine—There was a possibility that some 8-azaguanine 
could have been converted to and subsequently incorporated as 8-az. 
adenine. This transformation would be analogous to the similar conversion 
and incorporation of adenine after the administration of guanine, which 
has been shown to take place (5). To settle this, a sample of authentir 
8-azaadenine? was subjected to ion exchange chromatography to determine 
its characteristic elution pattern in the system used for these investigs. 
tions. Azaguanine and azaadenine showed similar patterns. There was 
thus a possibility that radioactive azaadenine might have been eluted to. 
gether with carrier 8-azaguanine. To ascertain whether the isolated radio. 


TABLE I 
Incorporation of 8-Azaguanine 








| 8-Azaguanine incorported per mg. nucleic 


acid nin 
Organ si — 
PNA DNA 
Y 7 
in | 
ies iN a San cag oak och invite <tdad | 0.39 0.05 
Tumor 


1.02 0.13 


activity was due to azaguanine and not to azaadenine, a sample of the iso 
lated radioactive material was subjected to ascending paper strip chro- 
matography on Whatman No. 1 paper in a system of ¢ert-butanol, HC, 
and H.O (48:4:48 volume per volume). 1 cm. strips were assayed for 
radioactivity and then eluted in 0.5 per cent NaOH. An exact quantita- 
tive relationship existed between radioactivity and optical density on the 
chromatogram, indicating the homogeneity of the isolated fraction and 
establishing the identity of the radioactive substance as 8-azaguanine. No 
radioactivity could be found in the area of the chromatogram theoretically 
corresponding to azaadenine. 

Actual Incorporation of 8-Azaguanine into Nucleic Acids—-The possibility 
remained that 8-azaguanine was not present as an integral part of nucleic 
acids, but that the unabsorbed or adsorbed compound merely acted as 
contaminant which was carried along in the isolation procedure. In 
order to exclude this possibility, a sample of BaPNA isolated from the 


2 Courtesy of Dr. R. O. Roblin, Jr., American Cyanamid Company, Stamford, 
Connecticut. 
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livers and tumors of injected animals was hydrolyzed in water at 90° for 3 
hours. This procedure has been shown to hydrolyze nucleic acids to the 
nucleotide stage (12). A small amount of 8-azaguanine carrier was dis- 
solved in HCl and placed on the ion exchange column, and the HCl was 
removed by washing with distilled water. The above hydrolysate was 
then similarly placed on the same column and the mixture eluted with 0.1 
wacetic acid at a rate of 3.5 ml. per hour (Fig. 2). After the elution of the 
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Fie. 2. Chromatogram (Dowex 50 column) of nucleotides from nucleic acid hy- 
drolysate after administration of 8-azaguanine plus carrier 8-azaguanine. 


various nucleotides, the eluent was changed to 0.75 n HCl to separate 8- 
waguanine. This 8-azaguanine fraction was isolated and tested for radio- 
activity by the usual procedure. The absence of 8-azaguanine-C" in this 
fraction indicated that the radioactive azaguanine isolated in the original 
experiments was due to a conjugate and not to the free base as such. This 
climinated the possibility of contamination. The entire eluate, collected 
before 8-azaguanine and containing the nucleotides, was hydrolyzed with 
1N HCl by the usual procedure and evaporated to dryness; the mixture was 
then separated by ion exchange with new carrier 8-azaguanine. The pres- 
ence of radioactivity in the 8-azaguanine fraction after this second elution 
confirmed that 8-azaguanine was an integral part of the nucleic acids. 
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Absence of Incorporation of Other Substances—To determine whether any 
other radioactive substance derived from 8-azaguanine-C" might be present 
in the nucleic acids, an aliquot of BaPNA was hydrolyzed and assayed for 
total radioactivity. The activity of the azaguanine fraction accounted for 
more than 90 per cent of the total activity. 

No radioactivity could be found in any of the guanine, adenine, or pyrim. 
idine fractions. Some activity was present in the first fractions eluted 
with 0.75 N HCl from the ion exchange separations of the hydrolyzed ny. 
cleic acid samples. The pyrimidine nucleotides appeared in this position, 
as would 8-azaxanthine if present. By repeating the ion exchange pro. 
cedure, but eluting with water and adding carrier 8-azaxanthine, the 
azaxanthine fraction was separated from the pyrimidine nucleotides, and 
the radioactivity was found to be localized in the azaxanthine fraction, 
Because 8-azaxanthine is the major metabolite after the administration of 
8-azaguanine to the mouse (1), any conversion and subsequent incorpor- 
tion in vivo into nucleic acids required investigation. Approximately 2 per 
cent of the radioactivity in the azaguanine fraction of the isolated nucleic 
acid samples was found in the azaxanthine fraction. It remained to be 
shown whether this activity was due to the actual incorporation of azaxap- 
thine or was an artifact. 

In order to ascertain whether there was any conversion of 8-azaguanine 
to azaxanthine in vitro during the chemical treatment in the course of thes 
investigations, 8-azaguanine-C™ was subjected to identical conditions of 
hydrolysis and ion exchange chromatography. It was found that the com- 
pound eluted in the position characteristic of azaxanthine had also its 
typical ultraviolet absorption spectrum. The molar radioactivity agreed 
quantitatively with that of the reacted 8-azaguanine, and the Rp value 
coincided with that of an authentic sample of azaxanthine. Approximately 
3 per cent of the 8-azaguanine was converted to azaxanthine. When $ 
azaguanine was placed on an ion exchange column without the hydrolysis 
treatment, no azaxanthine could be found, indicating that the treatment 
during hydrolysis was responsible for the conversion of 8-azaguanine to 
azaxanthine. It was concluded, therefore, that the radioactive azaxanthine 
fraction of the nucleic acids apparently was not due to the incorporation 
of azaxanthine as such, but was an artifact. 


DISCUSSION 


The confirmation that 8-azaguanine, like guanine, is incorporated into 
nucleic acids is of considerable interest because 8-azaguanine is an analogue 
of the natural component guanine. The enzymatic synthesis of 8-aza- 
guanine nucleoside in vitro reported by Friedkin (13) lends additional 
support to the conclusion that in vive this compound may enter into such 
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complex molecules. A definite connection between the incorporation of 
g-azaguanine and the carcinostatic action is suggested by the observations 
of Bennett et al. (7) that a far greater amount of this compound was in- 
corporated into the tumors of mice bearing a strain of leucemia L1210, 
which was susceptible to 8-azaguanine, than in another strain of the same 
leucemia which was dependent on 8-azaguanine for optimal growth. In 
both strains the amounts of 8-azaguanine incorporated into the visceral 
nucleic acids were essentially similar. Furthermore, in the case of the 
susceptible strain, more 8-azaguanine was incorporated into the tumor than 
into the viscera, as in the present study. The incorporation of 5-bromo- 
uracil into nucleic acids of Streptococcus faecalis R (14) is further evidence 
that incorporation into nucleic acids apparently is not restricted to natu- 
rally occurring compounds. 


TABLE II 


Incorporation into Guanine Fraction; Data Recalculated from Mandel and Carlé (8) 
and Carlé and Mandel (3) 


Guanine incorporated 
per mg. nucleic acid 


Compound administered Organ | guanine 
PNA DNA 
| v ¥ 
Guanine Liver 2.8 re 
se ‘? ‘ ius Tumor <0.1 <0.1 
4-Amino-5-imidazolecarboxamide ' Liver 15.3 | 2.1 
e Tumor 16.7 | 19.0 


The fact that 8-azaguanine is preferentially incorporated into the tumor 
rather than into the liver is interesting in view of the entirely different in- 
corporation pattern of guanine (5). The incorporation values, obtained in 
previous investigations, were converted into the same units which are used 
in the present work and are shown in Table II. Only an insignificant 
amount of guanine was incorporated into the tumor nucleic acids under 
essentially identical experimental conditions. Furthermore, the great dif- 
ference in the relative incorporation into PNA and DNA observed in the 
case of 8-azaguanine was not shown by guanine. Similarly, in some other 
previous experiments on the incorporation of radiocarbon from 4-amino-5- 
imidazolecarboxamide (3), under almost identical conditions, the highest 
uptake was shown by the PNA fractions, in which the turnover is com- 
paratively rapid, and in the tumor DNA, the increased synthesis of which is 
presumably required for the growth of the heavily nucleated tumor. The 
incorporation of 8-azaguanine into the tumor DNA fraction was very much 
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lower than that of the corresponding PNA. These comparisons after con- 
version to similar units are also illustrated in Table IT. 

Since the dose of 8-azaguanine administered to experimental animals 
was subinhibitory to tumors, it is significant to observe that, quantitatively, 
the presence of up to | y of 8-azaguanine in a quantity of nucleic acid con- 
taining 1 mg. of guanine was insufficient to exert any noticeable effect on 
the tumor or the animal as a whole. 

The lack of an appreciable effect of 8-azaguanine on the nucleic acid in. 
corporation pattern after administration with either guanine or 4-amino-5- 
imidazolecarboxamide (3) would confirm the conclusion that at these levels 
the analogue does not block the incorporation of guanine into nucleic acid, 

The finding that 8-azaguanine was present in a combined rather than free 
state suggests that this analogue might be active as a carcinostatic agent in 
thisform. An inability of this 8-azaguanine containing nucleic acid to per- 
form normal cellular functions may then be responsible for the carcinostatic 
action. This inability may be the result of an antimetabolite behavior with 
the corresponding derivative of guanine, but not to a simple antimetabo- 
lite relationship between the bases 8-azaguanine and guanine. 


SUMMARY 


8-Azaguanine-C™, labeled in either the Cz or C, position, was in- 
jected intraperitoneally into CAF, mice bearing sarcoma 37. It was in- 
corporated into the nucleic acid fractions of the liver and tumor. The 
incorporation of 8-azaguanine into the nucleic acids of the tumor was higher 
than in the liver. 

The difference in the pattern of incorporation of 8-azaguanine and 
guanine into the various nucleic acid fractions indicated that the biological 
effect of 8-azaguanine was not due to simple replacement of preformed 
’ guanine in the formation of nucleic acids, but probably was due to its action 
as an antimetabolite in nucleic acid metabolism, after the incorporation 
into nucleic acids. 

No radioactivity was found in the adenine, guanine, or pyrimidine frac- 
tions, and the small amount of radioactivity observed in the azaxanthine 
fraction was due to an artifact. No conversion of 8-azaguanine to azaade- 
nine was observed. 
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STUDIES ON THE RELATION OF PYRIDINE NUCLEOTIDES 
AND ADENOSINETRIPHOSPHATE TO CHOLINE 
OXIDATION * 


By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 5, 1953) 


The liver enzyme system involved in the oxidation of choline to betaine 
has been studied by several groups of workers to characterize the function, 
mechanism of action, and requirements for activity of the system. The 
recent studies on the relationship of folic acid to the metabolism of 1-car- 
bon fragments have given impetus to studies on the choline oxidase sys- 
tem, since betaine is an important donor of methyl groups in metabolism. 
Also the implication of a possibly direct relationship of folic acid via the 
Leuconostoc citrovorum factor to activity of choline oxidase (1) has intensi- 
fied studies of this system. Investigations on choline oxidase per se have 
always been hindered by the fact that the oxidation of choline to betaine 
is a two-step reaction: first, an oxidation of choline to betaine aldehyde 
and, second, oxidation of betaine aldehyde to betaine. These two enzymes, 
while apparently different in requirements and activity, are integrally re- 
lated both in over-all function and location inside the liver cell. Both 
choline and betaine aldehyde oxidase are located in the mitochondria (2-4), 
and attempts to separate the two enzymes have failed. Exhaustive wash- 
ing of mitochondria removes none of the choline dehydrogenase (5) and still 
leaves a good share of the more soluble betaine aldehyde dehydrogenase, 
as will be seen later in this paper. A definition of terms is necessary here. 
By oxidase we mean the entire enzyme system which takes the hydrogen 
from the substrate and passes it completely down the hydrogen transport 
chain to oxygen; by dehydrogenase we mean the first enzyme of the oxidase 
system, 2.e., the enzyme that has the specificity for the substrate choline 
or betaine aldehyde. 

Until recently no studies of choline dehydrogenase have been made ex- 
cept with the bound form in which it exists in the intact mitochondria. 
With the observation that soluble choline dehydrogenase can be prepared 
by extraction of acetone-ether dried mitochondria with sodium choleate 
(5), a means has been offered for studying the enzyme in a more highly 
purified condition. A suitable spectrophotometric assay for the enzyme 


*Published with the approval of the Director of the Wisconsin Agricultural 
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(5) limits the activity to the single dehydrogenase step. The combination 
of greater separation from other mitochondrial components, such as solu- 
ble or dissociable cofactors, and the specific and rapid assay method pre. 
sent a means for studying choline dehydrogenase without interference from 
betaine aldehyde dehydrogenase. 

In the present paper we wish to report the studies of the effects of three 
nucleotides (ATP, DPN, and TPN') on choline and betaine aldehyde oxi- 
dases and on the corresponding dehydrogenases. ATP has recently been 
shown to activate the choline oxidase of liver mitochondria which have 
been disrupted by freezing and thawing (6). DPN has been reported to 
serve as a cofactor both for choline oxidase (7) and betaine aldehyde dehy- 
drogenase (8). The studies with TPN have been included to show that 
the effects which could be obtained with DPN could not be obtained with 
TPN. 


EXPERIMENTAL 


The work reported in this paper is divided into two sections. The first 
studies deal with fresh rat liver mitochondria in which the choline oxidase 
system (oxygen uptake in manometric experiments) is investigated. The 
second involves the use of highly purified mitochondria from which choline 
dehydrogenase and betaine aldehyde dehydogenase are extracted in soluble 
form. These enzymes are then studied separately by spectrophotometric 
assays. 

Effects of DPN and ATP on Choline Oxidase (Manometric Experiments)— 
Mitochondria were isolated from the livers of rats sacrificed by decapita- 
tion. Adult, male rats fed a complete stock ration were used as experi- 
mental animals. The mitochondria were isolated from the livers as de- 
scribed previously (9) by differential centrifugation of 20 per cent homogen- 
ates in 0.25 m sucrose. The mitochondria from 4 gm. of liver were diluted 
at the last stage to 25 ml. with ice-cold distilled water. Since the stimula- 
tory effect of ATP can only be demonstrated in mitochondria disrupted 
by freezing and thawing (6), one-half of the water suspension of mitochon- 
dria was frozen in a mixture of dry ice-acetone and rapidly thawed at 37°. 
The frozen and thawed mitochondria were then centrifuged at 25,000 X g 
for 30 minutes and resuspended in cold distilled water to the origina) vol- 
ume. Single side armed Warburg vessels were prepared as follows: 0.2 ml. 
of 2 per cent choline chloride or water (for the control flasks) was added to 
the side arms. The substances whose effects on choline oxidation were to 
be tested (DPN and ATP) were also added to the side arms. The DPN 
used in the experiments was 90 per cent pure, and the ATP was the chro- 


1 ATP, adenosinetriphosphate; DPN, diphos»hopyridine nucleotide; TPN, tri- 
phosphopyridine nucleotide. 





Fres 
Froz 
: 1 


drial 
peri 


unti 
stra\ 
DP! 
the 

thay 
AT] 
stim 


tiva 
DP} 
ous! 


drog 
shov 
form 


tion 
solu- 


from 


shree 
 OXi- 
been 
have 
ad to 
lehy- 
that 
with 


> first 
‘idase 

The 
roline 
oluble 
netric 


nts)— 
apita- 
xperi- 
is de- 
1ogen- 
iluted 
mula- 
upted 
»chon- 
ut, 37°. 
0 Xg 
a) vol- 
).2 ml. 
ded to 
vere to 
, DPN 
e chro- 


ON, tri- 





J. N. WILLIAMS, JR. 193 


matographed sodium salt, both prepared by the Sigma Chemical Com- 
pany. The total volume of the side arms was brought to 0.7 ml. with 
water. To the main compartments of all flasks were added 0.6 ml. of 
Krebs-Ringer phosphate buffer (less calcium), pH 7.3 (10), and 0.2 ml. 
of water. All center wells contained 0.2 ml. of 10 per cent potassium hy- 
droxide. 0.5 ml. of the mitochondrial suspensions was added to the main 
compartments of the flasks. The flasks were equilibrated at 37° for 10 
minutes, the side arm contents added to the main compartment, and oxy- 
gen uptake recorded for 60 minutes. 

The results of the first experiments of this series are presented in Table 
I. Here the effects of 5 um of ATP and 3 um of DPN on the choline oxidase 
of the mitochondrial preparations were studied. The effect of ATP on the 














TaBLeE I 
Effect of ATP and DPN on Choline Oxidase Activity of Fresh or Frozen and Thawed 
Mitochondria 
Choline oxidase activity* 
Enzyme preparation : _ 
None | +ATP | +DPN | + OIN 
-_ —_ _ | | — — 
Fresh mitochondria........................{ 100 | | 134 
Frozen and thawed mitochondria...........| 44 58 59 47 








* The figures are expressed as per cent of the activity of the untreated mitochon- 
drial control (no additions except substrate). In this table 100 is equivalent to 95 
ul. of O2 per hour per flask. Each figure is the average of four to nine separate ex- 
periments. 


untreated mitochondria was not studied, since it has already been demon- 
strated that inhibition occurs (6). From the results it can be seen that 
DPN stimulates the apparent choline oxidase of both the untreated and 
the frozen and thawed mitochondria. ATP stimulates the frozen and 
thawed mitochondria, as previously observed (6). However, when both 
ATP and DPN are included together with the treated mitochondria, the 
stimulation by both DPN and ATP is reversed. The reversal of activation 
can probably be explained on the basis of a general inhibition of DPN ac- 
tivation by adenyl metabolites and an inhibition of ATP activation by 
DPN through competitive reactions. The former effect has been previ- 
ously demonstrated by the author (11). 

In a spectrophotometric assay with 2 ,6-dichlorophenolindophenol as hy- 
drogen acceptor, Williams and Sreenivasan, in unpublished results, have 
shown that ATP has no effect on choline dehydrogenase prepared in soluble 
form from acetone-dried mitochondria. Therefore, the point of stimula- 








194 CHOLINE OXIDATION 


tion by ATP on the frozen and thawed mitochondria must lie after the first 
dehydrogenase step in the choline oxidase system. 

In Fig. 1 are presented curves showing the effects of increasing levels of 
DPN on the choline oxidase activity of the untreated and treated mitochon. 
dria. The degree of stimulation of the untreated particles by DPN jg 
greater than that of the frozen and thawed mitochondria, indicating that 
the treatment not only decreases the control activity but that the enzyme 
factor stimulated by DPN is lost from the mitochondria to some extent 
during the freezing and thawing process. Since choline dehydrogenase js 
not released from the mitochondria by freezing and thawing (5), it appears 
that some other factor besides the dehydrogenase is stimulated by DPN, 
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FLASK 
Fic. 1. Effect of DPN on choline oxidase activity of freshly prepared mitochon- 
dria. The manometric assay period was 60 minutes. Curve I, untreated mito- 
chondria; Curve II, frozen and thawed mitochondria. 





a 
° 








CHOLINE OXIDASE ACTIVITY 


Although the mechanism of the stimulation of the treated mitochondria 
by ATP still cannot be explained, it is possible to explain the stimulation 
by DPN either on the basis that dehydrogenase is a DPN-linked enzyme 
or that the stimulation of oxygen uptake occurs through the more likely 
process of betaine aldehyde oxidase activation. It is known that betaine 
aldehyde oxidase is activated by DPN, and it has been assumed that the 
point of activation is at the first or dehydrogenase step. In the next experi- 
ments these questions are studied in detail. 

Relationship of DPN to Choline and Betaine Aldehyde Dehydrogenases 
(Spectrophotometric Experiments)—Mitochondria were isolated as described 
above. They were then dried by washing with cold acetone and subse- 
quently with ether, as described previously (5). After thoroughly remov- 
ing the ether in vacuo, the dehydrogenases thus far studied by the author in 
this preparation, choline dehydrogenase, betaine aldehyde dehydrogenase, 
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and succinic dehydrogenase, are stable for months if the dried mitochondria 
are kept at —5°. 

The standard spectrophotometric assays for choline and betaine alde- 
hyde dehydrogenases were carried out as follows: To a series of test-tubes 
were added 1.0 ml. of Krebs-Ringer phosphate buffer (pH 6.8 for choline 
dehydrogenase and 7.8 for betaine aldehyde dehydrogenase), 0.2 ml. of 2 
per cent choline chloride or 2 per cent betaine aldehyde (12) (or water for 
the controls), 0.5 ml. of 10 mg. per cent 2 ,6-dichlorophenolindophenol, and 
water to make 2.2 ml. When other substances such as DPN or TPN were 
studied, they were added at the expense of water. The DPN was 90 per 
cent pure and the TPN was 68 per cent pure (Sigma Chemical Company). 
The test-tube contents were transferred to cuvettes of a model DU Beck- 
man spectrophotometer set at 607 my. 1 ml. of the enzyme solutions 
(prepared as described below) was added by pipette, a stop-watch was 
started after one-half of the enzyme had been added, the cuvette contents 
were quickly mixed, and optical density readings were taken at 30 second 
intervals for 2 minutes. 

Whenever DPN reduction by the systems was studied, the 2 ,6-dichloro- 
phenolindophenol was replaced with water and the spectrophotometer was 
set at 340 mu. Otherwise the procedure was the same as above. 

Three different enzyme preparations were employed in the studies with 
choline dehydrogenase, each subsequent preparation being more highly pur- 
ified than the previous one. These preparations of increasing purification 
were employed to make sure that as much as possible of the dissociable co- 
factors present in the mitochondria would be removed. Soluble Prepara- 
tion I (Table I) was prepared as described previously (5) by extracting 20 
mg. of dried mitochondria with 6 mg. of sodium choleate (in 3 per cent 
solution) and 1 ml. of 0.1 M sodium phosphate buffer (pH 6.8). To prepare 
Insoluble Preparation I, Soluble Preparation I was brought to 33 per cent 
with ice-cold actone and the mixture centrifuged at 25,000 x g for 15 
minutes. The insoluble residue was suspended to the original volume of 
Soluble Preparation I in 0.1 m sodium phosphate buffer (pH 6.8) and re- 
homogenized for 1 minute. Soluble Preparation II was obtained by re- 
extracting the insoluble residue of Insoluble Preparation I with 6 mg. of 
sodium choleate and phosphate buffer, as in the preparation of Soluble 
Preparation I. 

In the studies with betaine aldehyde dehydrogenase (Table III), the 
elect of phosphate in addition to DPN and TPN was investigated, since 
it has been reported (13) that phosphate is necessary through an esterifica- 
tion process for the oxidation of betaine aldehyde. Therefore, 20 mg. of 
dried mitochondria were extracted with 6 mg. of sodium choleate and 0.1 
M sodium bicarbonate buffer (pH 7.8). The buffer of pH 7.8 was used 
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because that has been reported to be the optimal pH of betaine aldehyde 
oxidase (8). In these studies only the first extraction procedure was em- 
ployed, since pilot assays showed that no betaine aldehyde dehydrogenase 
could be detected without addition of DPN. 

The results of the choline dehydrogenase studies are presented in Table 
II. The effects of DPN and TPN on the 2,6-dichlorophenolindophenol 
assay (607 my) and on the DPN reduction assay (340 my) were studied, 
In addition the activity of betaine aldehyde dehydrogenase in each of the 
enzyme preparations, with and without added DPN, was measured. From 


TaB.Le II 


Effects of Pyridine Nucleotides on Soluble and Insoluble Preparations of Mitochondrial 
Choline Dehydrogenase and Betaine Aldehyde Dehydrogenase 


|Betaine aldehyde 
|Choline dehydrogenase activity,* AD X 108 peer br 
per 2 min. x 108 per 2 
min. 
Enzyme preparation 


| _ —__— 
+ | + | + |.+ | 
trol | DPN | DPN | TPN | TPN (Control |+ DPN 
(607 | (340 , (607 | (340 | (607 | (340 | (607 mp) (607 mg) 
me) | me) | me) | me) | me) | mw) | | 
—_ ee ae, | | 





Dried mitochondria extracted with | 180 0 | 192| 0 |174| 0 | 0 | @ 
phosphate + choleate (Soluble | 
Preparation I) | 

Soluble Preparation I precipitated | 105 | 0 80; 0 | 
with acetone and suspended in | 
buffer (Insoluble Preparation I) 

Acetone ppt. reextracted with | 134 | 
phosphate + choleate (Soluble 
Preparation IT) | 





| 
| 
| 
| 


* Results of five separate experiments. 


the results it can be seen that neither DPN nor TPN has any effect on cho- 
line dehydrogenase as measured by the reduction of 2,6-dichlorophenol- 
indophenol, although all three of the enzyme preparations were very active 
when measured by this assay. Furthermore, no reduction of DPN or TPN 
was observed at 340 my. Each of the enzyme preparations contained be- 
taine aldehyde dehydrogenase, as shown by the last column in Table II. 
If no DPN was included in the system, the betaine aldehyde dehydrogenase 
could not be demonstrated; however, if DPN was added, very good activ- 
ity was obtained. Therefore, the results of these experiments indicate that 
choline dehydrogenase is not an enzyme requiring pyridine nucleotide, as is 
demonstrated by the two different methods of assay. The requirement of 
betaine aldehyde dehydrogenase for DPN (8) has been confirmed. The 
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difference in the results of Table II and Fig. 1 and Table I can probably be 
explained by the difference in the length of assay. It has been indicated 
previously (14) that a definite lag period occurs before the concentration 
of betaine aldehyde from the oxidation of choline reaches a high enough 
level to give demonstrable betaine aldehyde oxidase activity. In the 
manometric experiments reported in this paper, the results at the end of 1 
hour are presented. Also in the work reported by Strength, Christensen, 
and Daniel (7), in which choline dehydrogenase was stated to be a DPN- 
linked enzyme, the choline oxidase assays were also carried out manometri- 
cally for 1 hour. During such a time interval (1 hour) it is believed that 
betaine aldehyde dehydrogenase comes into play and that the effect of 
added DPN is to stimulate the “apparent” choline oxidase activity by 


TaBie III 


Effects of Pyridine Nucleotides and Phosphate on Mitochondrial Betaine Aldehyde 
Dehydrogenase* 





Activity measured at Activity measured at 
System 607 mu (dye reduction), 340 mu» (DPN reduc- 
AD X 108 per 2 min. j|tion), AD X 108 per2min. 
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* See the text for preparation of the soluble betaine aldehyde dehydrogenase in 
bicarbonate buffer. Phosphate was added to the system where indicated by using 
Krebs-Ringer phosphate (pH 7.8) in the assay medium. Otherwise Krebs-Ringer 
bicarbonate (pH 7.8) was used. Results of three separate experiments. 


stimulating the DPN-linked betaine aldehyde oxidase. This conclusion is 
further borne out by the fact that, in the spectrophotometric assays re- 
ported in this paper, DPN definitely does not stimulate choline dehydroge- 
nase nor is DPN reduced by choline dehydrogenase. This is true in spite 
of the fact that betaine aldehyde dehydrogenase is present in the same en- 
zyme preparations. The rapidity of the assay method (2 minutes) is be- 
lieved to account for the lack of interference by betaine aldehyde dehy- 
drogenase in these studies. 

In Table III are presented further studies on the pyridine nucleotide re- 
quirement of betaine aldehyde dehydrogenase. In addition, the effect of 
phosphate was investigated because of the report that phosphate is neces- 
sary for betaine aldehyde oxidation (13). The results of these studies in- 
dicate that phosphate is not required for betaine aldehyde dehydrogenase 
activity. Again the DPN requirement of the system is demonstrated, both 
with 2,6-dichlorophenolindophenol as acceptor and by measurement of 


‘ 
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DPN reduction at 340 mz. The slight stimulation by TPN may be due 
either to actual utilization of TPN by the system to some extent or to 
DPN impurity in the sample of TPN (68 per cent TPN). 


DISCUSSION 


According to Strength, Christensen, and Daniel, betaine aldehyde de- 
hydrogenase is located in the soluble fraction of liver (7, 15). In earlier 
work reported by the author betaine aldehyde oxidase was reported to be 
located mainly in the mitochondrial fraction of liver, though a combina- 
tion of the mitochondria and the soluble fraction gave greater activity than 
the sum of activities of the individual fraction. If this enzyme were ex- 
clusively located in the soluble fraction of liver, however, it is difficult to 
explain how it is still present in large quantities in the exhaustively washed 
and dried mitochondria used in the present studies. The author believes 
that this dehydrogenase is a fairly soluble mitochondrial enzyme, which 
can be extracted to some extent from the mitochondria by homogeniaza- 
tion of the liver. A very similar situation has been observed by Kennedy 
and Williams in unpublished results on the DPN-linked malic dehydroge- 
nase system of rat liver mitochondria. This enzyme can be demonstrated 
both in liver mitochondria (as the oxidase via the cytochrome system) and 
in the soluble fraction of liver, provided methylene blue is used as hydro- 
gen acceptor in the latter system. 

Thus in the present experiments both choline dehydrogenase and betaine 
aldehyde dehydrogenase are present in the mitochondrial enzyme prepara- 
tions. However, the rapid spectrophotometric assay methods for choline 
dehydrogenase used in these experiments does not encourage interference 
from the betaine aldehyde dehydrogenase, and choline dehydrogenase shows 
no response to DPN, whereas DPN is entirely necessary for the activity of 
betaine aldehyde dehydrogenase. 


SUMMARY 


1. The stimulation of the choline oxidase activity of frozen and thawed 
mitochondria by ATP in manometric experiments has been confirmed. 
However, when both ATP and DPN are added together to this system, the 
stimulatory effect of each is reversed. ATP has no effect on the first de- 
hydrogenase step of the choline oxidase system as measured by a spectro- 
photometric assay. 

2. In 1 hour manometric assays of choline oxidase in which fresh mito- 
chondria are employed, a stimulation by DPN has been observed. This 
stimulation appears to be due not to a linkage of the coenzyme to choline 
dehydrogenase but to interference by the DPN-linked enzyme, betaine al- 
dehyde dehydrogenase. 
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3. In rapid spectrophotometric assays for choline dehydrogenase and be- 


taine aldehyde dehydrogenase in purified systems, no response to DPN 
can be demonstrated for choline dehydrogenase. However, DPN is ab- 
solutely essential for the activity of betaine aldehyde dehydrogenase. 
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SERINE PHOSPHORIC ACID FROM DITSOPROPYLPHOSPHORYL 
DERIVATIVE OF EEL CHOLINESTERASE* 
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Chemical Center, Maryland) 
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Diisopropy! fluorophosphate (DFP) is a highly specific inactivator of 
esterases, such as cholinesterase and chymotrypsin (2), and combines ir- 
reversibly with these enzymes (3,4). Ina previous report from this labora- 
tory (5) we have shown that, when the reaction product of DFP and chy- 
motrypsin, namely, diisopropylphosphoryl chymotrypsin, is partially hy- 
drolyzed, serine phosphoric acid may be obtained in a 30 per cent yield 
(based on phosphorus) from the hydrolysate. It was of interest to see 
whether or not the reaction between DFP and cholinesterase yielded the 
same product after partial hydrolysis. 

Eel cholinesterase preparations, even though highly active enzymatic- 
ally, ordinarily contain considerable inert protein. Since the reaction be- 
tween DFP and such preparations can be prevented by the addition of an 
excess of acetylcholine (3), it is reasonable to assume that the DFP-bind- 
ing property is associated with the cholinesterase present and not with 
concomitant impurities. This reasoning justified the use of these prepara- 
tions in an effort to determine the nature of the combination between chol- 
inesterase and DFP. The name “diisopropylphosphoryl cholinesterase” 
(DPChE) has been given to the DFP derivative of cholinesterase. 

We have prepared DPChE containing P®, partially hydrolyzed the prod- 
uct, fractionated the hydrolysate on a cation exchange resin, and obtained 


serine phosphoric acid in a yield of approximately 40 per cent based on 
phosphorus. 


EXPERIMENTAL 


P®.Labeled DPChE—A solution of 1 mg. of P*-labeled DFP! in 2 ml. of 
water was added to 20 ml. of a 0.3 per cent solution of an eel cholinesterase 


* Presented in part at the Forty-fourth annual meeting of the American Society 
of Biological Chemists at Chicago (1). 

! This was obtained commercially with an initial specific activity of approximately 
10 me. per mm and a purity of 80 per cent or better. The determination of purity 
was based on the rate and extent of reaction with chymotrypsin and with standard- 


ized cholinesterase preparations and was kindly carried out by Dr. H. O. Michel 
of this laboratory. 
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preparation? in 0.1 mM phosphate buffer at pH 7.3 at room temperature, 
The reaction was allowed to proceed for 5 to 10 minutes, at which time all 
enzymatic activity was lost. The solution was dialyzed against running 
distilled water at 4° for 2 days. The inactivated enzyme precipitated dur. 
ing the dialysis and was recovered with the supernatant fluid. The cholin. 
esterase solution was found to bind an amount of P® equivalent to a reac. 
tion with 18.4 y of DFP.* 

Partial Hydrolysis of DPChE—Two methods of partial hydrolysis of 
DPChE were used with similar results. In Method 1 the hydrolysis of 
DPChE from 10 ml. of the cholinesterase solution was carried out by the 
successive steps of peptic digestion, tryptic digestion, and hydrolysis at 
100° in 2 n HCl for 10 hours, similar to the procedure described for diiso- 
propylphosphoryl chymotrypsin (5). The enzymatic digestions were car- 
ried out in a volume of about 30 ml. The HCl hydrolysis was carried out 
in a 5 ml. volume after evaporation in vacuo. A precipitate which formed 
during the hydrolysis was centrifuged and washed free of radioactive ma- 
terial with dilute HCl. Method 2 was similar to Method 1, except that 
the preliminary enzymatic digestions were omitted. 

Dowex 50 Chromatography—After removal of the HCl from the hydroly- 
sate by repeated evaporation to dryness in vacuo, the residue was chromat- 
ographed on a column of Dowex 50 (hydrogen form) 0.83 cm. in diameter 
and 100 em. in length with use of 0.05 Nn HCl as the eluent at a flow rate of 
6 ml. per hour (5). 

Phosphorus was determined by the method of Fiske and Subbarow (7), 


Results 


Dowex 50 Chromatography of Partially Hydrolyzed DPChE—The Dowex 
50 chromatogram of the partial hydrolysate from a preparation by Method 
1 is shown in Fig. 1. The hydrolysate yielded two main phosphorus-con- 
taining fractions. The faster moving fraction, amounting to 43 per cent 
of the added phosphorus, appeared at the front and presumably was ortho- 
phosphoric acid (5). The second phosphorus fraction, amounting to 46 per 
cent of the phosphorus, was in the position previously found for serine 
phosphoric acid (5). 

2 The enzyme was prepared for us by Dr. D. Nachmansohn of Columbia University 
(6) and had an activity of 10 units per mg. of dry weight (1 unit = 1 gm. of acetyl- 
choline hydrolyzed per hour). 

’ This is equivalent to 1.7 X 10-'° mole of DFP per unit of enzyme activity, a 
figure sufficiently close to the 2.1 X 10-!° mole per unit found by Michel and Krop 
(3) for two preparations which had 26 and 5 per cent of the enzymatic activity, re- 
spectively, of the present preparation. This fact further substantiates their con- 
clusion that the reaction between DFP and these cholinesterase preparations involves 
only cholinesterase. 
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Detection of Serine Phosphoric Acid in Second Phosphorus Fraction—Ow- 
ing to the scarcity of eel cholinesterase, not enough material was present 
in the second phosphorus fraction for paper chromatograms and, hence, 
isotope dilution experiments were resorted to. The first experiment was a 
fractional alcohol precipitation. The second phosphorus fraction from a 
preparation obtained by Method 2 containing 15,500 c.p.m. was mixed with 
124 mg. of authentic serine phosphoric acid‘ in a volume of 3.9 ml. and was 
precipitated with 1.46 volumes of absolute ethanol. The specific activity 
of the supernatant fluid was about twice as great as that of the precipitate 
(Table I). The precipitate was redissolved in water and was again par- 
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PHOSPHORUS (C.PM./ML. X 1075) 


10 20 30 40 50 
TUBE NUMBER 
Fic. 1. Dowex 50 chromatogram of partial hydrolysate of diisopropylphosphoryl 
cholinesterase. Material hydrolyzed by pepsin, trypsin, and 2 Nn HCl. 89.6 per 
cent of phosphorus recovered. 250 to 500 mesh resin in hydrogen form. Column 
0.83 X 100 cm. Eluent 0.05 N HCl. Filtration under 2.5 cm. of Hg pressure with 
flow rate of 6 ml. per hour. Fraction size 2 ml. 


o 


tially precipitated with alcohol. This procedure was repeated twice more. 
After three or four precipitations it appeared that all of the phosphorus- 
containing material of the fraction that was not serine phosphoric acid 
had been separated in the previous supernatant fluids. Similar results 
were obtained with a preparation by Method 1. 

In the second isotope dilution experiment Dowex 50 chromatography was 
utilized. The material used was that represented by the second precipitate 
of the fractional alcohol precipitation of Table I, weighing 63.3 mg. and 
containing 850 c.p.m. at the time of this experiment. When chromato- 
graphed on a Dowex 50 column, as described above, the radioactive phos- 


‘We are grateful to Dr. T. L. MeMeekin of the Eastern Regional Research Labora- 
tory, United States Department of Agriculture, for the synthetic serine phosphoric 
acid, 
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phorus from the fraction coincided exactly with the phosphorus of the 

added serine phosphoric acid as determined colorimetrically (Fig. 2). 
When the material of the first supernatant fluid of Table I, containing 

4500 c.p.m. and weighing 9.9 mg., was chromatographed, the radioactive 


TABLE I 


Fractional Alcohol Precipitation of Mixture of Second Phosphorus Fraction and Serine 
Phosphoric Acid 


The counts per minute are corrected to a single day. 
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Fig. 2. Dowex 50 chromatogram of mixture of radioactive second phosphorus 
fraction plus serine phosphoric acid. Conditions same as those in Fig. 1. 


phosphorus coincided with the colorimetric phosphorus in the first half of 
the curve, but in the second half considerably more P* was recovered than 
expected from the recovery of the added serine phosphoric acid (Fig. 3). 
The area of the colorimetric phosphorus curve, representing serine phos- 
phoric acid, was 63 per cent of that of the P® curve. Assuming that about 
90 per cent of the radioactivity in the first precipitate of Table I was at- 
tributable to serine phosphoric acid, the yield of serine phosphoric acid in 
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the second phosphorus fraction was 38.5 per cent. When the material 
from Tubes 41 to 47 of Fig. 3 was further hydrolyzed in 2.5 n HCl at 100° 
for another 10 hours and rechromatographed, the radioactive and colori- 
metric phosphorus curves coincided completely and accounted for 50 per 
cent of the radioactive phosphorus chromatographed. This indicated that 
the non-serine phosphoric acid material of the second phosphorus fraction 
was a peptide of serine phosphoric acid. It could not be a diisopropyl 
derivative because diisopropylphosphoric acid® is completely hydrolyzed 
under the conditions of the acid hydrolysis. 
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Fic. 3. Dowex 50 chromatogram of alcohol-fractionated mixture of radioactive 
second phosphorus fraction plus serine phosphoric acid. The material chromato- 
graphed was that of the first alcoholic supernatant fluid of Table I. Conditions 
same as those in Fig. 1. 


The second phosphorus fraction from a preparation by Method 1 mixed 
with 22.1 mg. of serine phosphoric acid gave a Dowex 50 chromatogram 
essentially like that shown in Fig. 2, except that the last three P® values 
at the bottom of the curve were somewhat above the colorimetric phos- 
phorus figures. 

The possibility remained that threonine phosphoric acid, which is known 
to be acid-stable (8), might behave identically with serine phosphoric acid 
in the isotope dilution experiments. Therefore 16 mg. of an authentic 
sample of threonine phosphoric acid*® were chromatographed with radioac- 
tive serine phosphoric acid isolated from radioactive diisopropylphosphory] 
chymotrypsin (5). The P® was found to be distributed between Tubes 
36 and 42, whereas the colorimetrically determined phosphorus, from the 
threonine phosphoric acid, was between Tubes 51 and 59. The presence 


‘Obtained by prolonged hydrolysis of P-labeled DFP at room temperature. 
‘We are grateful to Mr. J. J. O’Neill and to Dr. R. Plapinger of these laboratories 
for samples of synthetic threonine phosphoric acid. 
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of threonine phosphoric acid in the HCl hydrolysate of DPChE was pre- 
cluded because no P*® was found beyond Tube 47 in the hydrolysates. 
DISCUSSION 

The presence of serine phosphoric acid in partial hydrolysates of the 
diisopropylphosphoryl derivatives of both chymotrypsin and eel cholines. 
terase suggests that reactive serine residues occur in both enzymes. In 
view of the suggestion (2-4, 9, 10) that DFP may react with the active 
centers of these enzymes, the involvement of serine in the active centers is 
a possibility. However, DFP might react with a group near the active 
center of the esterases and thus by steric hindrance prevent a reaction of 
the substrate with the enzyme. As considered previously (5), there re- 
mains a possibility that DFP reacts initially with some other residue and 
the serine residue becomes phosphorylated in a secondary reaction. 

In connection with serine reactivity it is of interest to note that peptide 
bonds involving the amino groups of serine and threonine in proteins possess 
an unusual lability (11, 12), possibly related to the migration of acy] resi- 
dues from the amino group to the hydroxy] group (13). 

Threonine appears to be eliminated as a reactive residue in these ester- 
ases, since no threonine phosphoric acid was detectable in the acid hydroly- 
sates of their diisopropylphosphory! derivatives. It is of interest that 

hreonine phosphoric acid has been isolated recently from casein (14). 


SUMMARY 


The reaction product of diisopropyl fluorophosphate and eel cholines- 
terase, diisopropylphosphoryl! cholinesterase, was partially hydrolyzed by 
pepsin, trypsin, and 2 N HCl or directly with 2 N HCl. Serine phosphoric 
acid was separated from the hydrolysate in approximately a 40 per cent 
yield (based on phosphorus) by fractionation with Dowex 50 chromatog- 
raphy. Identity was established by comparison with synthetic serine phos- 
phoric acid by fractional alcohol precipitation and Dowex 50 chromatog- 
raphy. 
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FORMATION OF NITROGEN, NITROUS OXIDE, AND NITRIC 
OXIDE BY EXTRACTS OF DENITRIFYING BACTERIA* 


By VICTOR A. NAJJAR anp M. B. ALLEN 


(From the Department of Pediatrics, The Johns Hopkins University, School of Medicine, 
Baltimore, Maryland, and the Hopkins Marine Station of Stanford University, 
Pacific Grove, California) 


(Received for publication, July 13, 1953) 


Studies on the process of nitrite reduction by cell-free extracts of deni- 
trifying bacteria could materially contribute to our knowledge of its mech- 
anism. Such investigations have so far been limited to those of Yamagata 
(1) with Bacillus pyocyaneus (Pseudomonas aeruginosa) and of Robinson 
eal. (2) with Micrococcus halodenitrificans. Neither of these authors has 
examined the products of the reaction; Yamagata merely determined that 
nitrite disappeared under the influence of his preparations, while Robinson 
et al. observed production of a gas, which was assumed to be nitrogen. 

In the present investigation it has been found that cell-free extracts of 
two denitrifying bacteria, Pseudomonas stutzeri and a Bacillus subtilis strain, 
reduce nitrite to a mixture of gaseous products, consisting principally of 
nitrogen but also containing appreciable quantities of nitrous and nitric 
oxides. A preliminary account of this work was reported earlier (3). 


Materials and Methods 


Organisms—The bacteria used were the P. stutzeri strain of Allen and 
van Niel (4) and a thermophilic denitrifying strain of B. subtilis' (strain 
115) obtained from soil. These organisms were grown anaerobically in 
tap water with 0.3 per cent Difco yeast extract and 0.5 per cent KNO3. 
The spore-former was incubated at 50-55°. Although P. stutzeri develops 
well and denitrifies actively at 30-35°, it was found necessary to grow it at 
25° or below in order to obtain active extracts. The explanation for this 
phenomenon may lie in the physical state of the cells; those grown at higher 
temperatures are gummy and form a foamy mass on centrifugation, while 
cells grown at or below 25° sediment to form a compact pink layer. 

The cultures were harvested during the period of active growth, the B. 


* This investigation was supported by a research grant (PHS, G-3289) from the 
Division of Research Grants and Fellowships, National Institutes of Health, United 
States Public Health Service. 

‘Actually, this bacterium is a Bacillus subtilis-Bacillus licheniformis intermedi- 
ate, since it reduces nitrite to gaseous products, which is characteristic of B. licheni- 
formis, but resembles B. subtilis in all other characteristics which have been deter- 
mined (cf. (5) and (6)). It is referred to here as B. subtilis for the sake of brevity. 
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subtilis strain after incubation for about 8 hours and P. stutzeri after 24 to 
48 hours, depending on the temperature. 

Preparation of Extracts—Cultures of the organisms were centrifuged from 
4 to 8 liters of medium; cells of P. stutzeri were ground in the cold with 
alumina powder (1557AB, Buehler, Ltd., Chicago), extracted with an equal 
volume of cold water (4-6°), and centrifuged for 15 minutes at 2140 x g 
to remove alumina and intact cells; B. subtilis was lyzed by the addition 
of a few crystals of lysozyme (Nutritional Biochemicals) to the packed 
sediment. Microscopic examination showed complete lysis of the cells after 
standing in the ice box overnight. 

Vacuum-dried cells of P. stutzeri had denitrifying activity, which was 
not extractable with water or phosphate buffer, and which was rapidly 
lost on storage. The acetone powders were inactive. 

Analytical Methods—Nitrate was determined by the Griess-Ilosva 
method (7). Total gas production was measured in Warburg manometers 
with nitrogen as the gas phase. Yeast extract, Difco 0.3 per cent, was gen- 
erally used as hydrogen donor, although malate and lactate functioned as 
well in thissystem. The composition of the gas formed was determined by 
examination in the mass spectrometer.2 A chemical analysis for nitric 
oxide was made by absorption of the gas in alkaline sulfite solution (5 per 
cent Na.SO; in 0.1 n NaOH) to form Na2,N.0.SO; (8). Upon acidification 
this compound decomposes to sulfite and N.O, liberating half the volume of 
gas initially absorbed. This reaction was used to verify that the absorbed 
gas was NO. Control experiments in which NO was generated by means 
of the reaction 


HNO, + HI _ 4Io + NO + H.0 


showed the expected absorption of NO and liberation of N2O on acidifica- 
tion. 


Results 


Although the denitrifying activity of extracts was only a small fraction 
of that exhibited by an equivalent quantity of intact cells, the rate was 
high enough (40 to 80 ul. per hour at 25° with 2 ml. of bacterial extract, 
20 um of NaNOz, and yeast extract as the hydrogen donor) to be readily 
measurable when concentrated preparations were used. The ability of 
the extracts to reduce nitrite in the presence of a hydrogen donor to a mix- 
ture of gaseous products fell off rapidly upon dilution and was not restored 
by the addition of adenosinetriphosphate, diphosphopyridine nucleotide, 


2 We are indebted to Dr. Theodore Enns of The Johns Hopkins University, School 
of Medicine, working under the Veterans Administration contract No, V1001M-527, 
for these analyses. 
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triphosphopyridine nucleotide, flavine-adenine dinucleotide, cytochrome c, 
or a mixture of all these. Addition of cysteine or glutathione to protect 
readily oxidizable components of the enzyme system led to non-enzymatic 
disappearance of nitrite, probably through reduction to hydroxylamine and 
ammonia by the SH compounds, as reported by Lemoigne et al. (9). 

The optimal pH for gas production by extracts of both organisms was 
6.7 to 6.8 in phosphate buffer. 

The extracts were separated into a particulate and a supernatant frac- 
tion by centrifugation for 20 minutes at 15,000 X g. The washed particles 
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Fig. 1. Gas production from nitrite by P. stutzeri extract after fractionation by 
centrifugation at 15,000 X g. 2.0 ml. of clear supernatant liquid alone (O), sedi- 
mented particles resuspended in 2 ml. of clear supernatant liquid (@), and an equiv- 
alent amount of particles resuspended in 2.0 ml. of phosphate buffer (A); 3 per cent 
Na malate, 0.1 ml., in the main compartment. 0.1 mM NaNOsz, 0.1 ml., in the side 
arm. 20 per cent KOH, 0.2 ml., in center well. Final concentration of phosphate 
buffer in all vessels M/15, pH 6.7. Final volume of reaction mixture 2.4 ml. Gas 
phase nitrogen. The reaction was started by tipping in nitrite. Temperature 25°. 


were inactive, the clear supernatant liquid retained its activity for a short 
time only, while the mixture of the two was active for hours (Fig. 1). The 
extracts retained gas-producing activity after passage through a sintered 
glass bacteriological filter. 

The results of mass spectrometric analysis of the gas formed from nitrite 
by the extracts are shown in Table I. It will be seen that P. stutzeri ex- 
tracts produced principally N», while those of the spore-former converted 
an appreciable fraction of the nitrite to NxO. The analyses further indi- 
cated that measurable amounts of NO were formed by both extracts, but, 
since NO peaks in the mass spectrometer might be due to dissociation of 
N,0, NO formation was also investigated by chemical tests. The results 
of manometric experiments with duplicate vessels, one containing in its 
side arm alkaline sulfite solution absorbed on filter paper, the other without 
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this addition, are shown in Fig. 2. To confirm that the gas absorbed was 
NO, 0.10 ml. of 10 per cent sulfuric acid was added to the sulfite solution 


TaBLeE I 
Mass Spectrometer Analysis of Gas Formed by Extracts of P. stutzeri and B. subtilis 


The reaction mixture was composed of cell extract, 5.0 ml.; 0.3 per cent Difeo 
yeast extract, 0.4 ml.; 1 m phosphate buffer, pH 6.7, 0.8 ml.; 0.1 m NaNOs, 0.5 ml, 
Carbon dioxide was absorbed in 20 per cent KOH. 
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Fic. 2. Gas production from extracts of P. stutzeri (@) and B. subtilis (O) in 
presence (broken line) and absence (solid line) of alkaline sulfite solution to absorb 
NO. Cell extract 1.5 ml.; 0.3 per cent Difco yeast extract, 0.2 ml., in the main com- 
partment. 0.2m NaNO:2,0.1ml.,inthesidearm. 20 per cent KOH, 0.2 ml., in center 
well. Final concentration of phosphate buffer in all vessels 0.05 m, pH 6.7. Final 
volume of the reaction mixture 2.0 ml. In addition, ‘sulfite’ vessels contained 0.2 
ml. of 5 per cent Na2SO; in 0.1 N NaOH in the second side arm. Gas phase nitrogen. 
The reaction was started by tipping in nitrite. Temperature 25°. At the arrows 
0.1 ml. of 10 per cent sulfuric acid was added through the vent plug. 


through the vent plug at the end of the experiment. Equilibrium values 
for the gas liberated by this treatment are indicated on the graph. 

The discrepancy between the large amount of NO indicated by these 
experiments and the small amount found by mass spectrometric analysis 
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was resolved when it was found that the extracts can reduce externally 
supplied NO to N» (the NO was generated as indicated above by the ni- 
trite-iodine reaction in a side arm). Manometric experiments with B. 
subtilis, in which alkaline sulfite was added through the vent plug after 
gas production had ceased, indicated 10 to 20 per cent NO, in agreement 
with the mass spectrometer results. 

Not all of the nitrite added was converted into gaseous products and 
gas production often stopped before all the added nitrite had been used. 
The latter may be attributable to the failure of the system during the ex- 
periment, owing to inactivation of the enzyme system or to the exhaustion 
of the hydrogen-donating mechanism of the granules. However, in some 
experiments more nitrite disappeared than could be accounted for by the 
gases measured. The “missing” nitrite could not be recovered as nitrate 
nor as hydroxylamine; production of a small amount of ammonia from 
nitrite is difficult to establish because the extracts form relatively large 
amounts of ammonia in the absence of nitrite. 


DISCUSSION 


Except for the formation of nitric oxide, nitrite is reduced by the extracts 
to the same gaseous products formed by intact bacteria. The pseudomo- 
nads reduce nitrite quantitatively to nitrogen under ordinary conditions 
(4, 10), while members of the B. subtilis group form an appreciable amount 
of N,0 (11). 

The formation and utilization of NO are of especial interest, although 
their significance for the mechanism of nitrite reduction is not yet clear. 
There are reports of brownish red fumes over molasses vats in which deni- 
trification was proceeding, the fumes presumably being due to formation 
of NO and its reaction with oxygen to form NO2 and N2O, (11, 12). Gayon 
and Dupetit (13) described a bacterium which formed NO from nitrate 
when asparagine was present; Beijerinck and Minkman (14) reported traces 
of NO during denitrification in molasses at an alkaline reaction. It has 
not been possible to trap NO during nitrite reduction by intact cells of 
P. stutzeri or B. subtilis, although cell suspensions will reduce this gas to 
N, at a low rate. 

Recently Baalsrud and Baalsrud* have found that Thiobacillus denitri- 
fans forms NO from nitrite in the presence of thiosulfate, but not when 
sulfur or tetrathionate is used. The nitric oxide is then slowly reduced 
to Ns by the bacteria. It is possible that in this case the NO results from 
a biologically catalyzed reaction between thiosulfate and nitrite, rather than 
from a product common to all denitrifiers. However, the early reports and 
the present finding of NO formation and utilization by extracts of two com- 


‘Baalsrud, K., and Baalsrud, K.8., personal communication. 
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mon denitrifying bacteria suggest either that nitric oxide is an intermediate 
in denitrification or that it is reversibly formed from some intermediate, 


SUMMARY 


Cell-free extracts which reduce nitrite to a mixture of gaseous products 
have been obtained from Pseudomonas stutzeri and a denitrifying Bacillus 
subtilis strain. Both soluble material and cytoplasmic granules are needed 
for continued gas production. 

The gas formed by P. stutzeri extracts is principally N2, while B. subtilis 
preparations produce an appreciable quantity of N2O. Both form NO 
from nitrite. Nitric oxide can be reduced to N» by extracts and by intaet 
cells. 
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STUDIES ON t-GLUTAMIC ACID DECARBOXYLASE FROM 
ESCHERICHIA COLI* 


By VICTOR A. NAJJAR anp JEAN FISHER 


(From the Department of Pediatrics, The Johns Hopkins University, School of Medicine, 
Baltimore, Maryland) 


(Received for publication, July 13, 1953) 


The use of specific amino acid decarboxylases obtained from bacteria 
for quantitative measurement of amino acids is now well recognized as an 
accurate and convenient means of assay (1-7). For the assay of glutamic 
acid Gale (1, 2) proposed the use of Clostridium welchii strain SR12. This 
organism possesses an active glutaminase (2, 3) and aspartic acid decar- 
boxylase (4, 6). It is thus apparent that, with an unknown mixture of 
amino acids or in biological fluids, strain SR12 will decarboxylate glutamine, 
glutamic acid, and aspartic acid. Further manipulation is required to ob- 
tain individual values for these compounds (1-4). 

In a preliminary communication (8) we reported the isolation from a 
strain of Escherichia coli of a highly active and specific L-glutamic acid 
decarboxylase free from any other amino acid decarboxylase. It has no 
glutamic acid racemase similar to that described by Narrod and Wood (9) 
for Lactobacillus arabinosus. Furthermore, there is no glutaminase ac- 
tivity in the preparation, thus making it possible to assay L-glutamic acid 
in the presence of glutamine or any other known amino acid.'. The enzyme 
does not attack derivatives of L-glutamic acid such as the y-methylamide, 
the y-ethyl ester, acetyl-pi-glutamic acid, or carbamyl-L-glutamic acid. 


EXPERIMENTAL 


A strain of F. coli? isolated in this laboratory is grown on a medium of 
3 per cent trypticase soy broth* and incubated for 18 hours at 37°. The 
cells are centrifuged and then suspended in an equal volume of water, 9 
volumes of acetone (c.p. Merck) are added with stirring, and the suspension 


*This investigation was supported by a research grant (PHS, G-3289) from the 
Division of Research Grants and Fellowships, National Institutes of Health, United 
States Public Health Service. 

‘All commercially available amino acids. We are grateful to Dr. Eugene Roberts 
for supplying us with y-aminobutyric acid and to Dr. Alton Meister for y-methyl- 
amide of u-glutamic acid, y-ethyl ester of L-glutamic acid, acetyl-pL-glutamic acid, 
and carbamyl-u-glutamic acid. 

* American Type Culture Collection No. 11246, 2029 M Street, North West, Wash- 
ington, D. C. 

‘Baltimore Biological Laboratory, Baltimore, Maryland. 
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is filtered with moderate suction and a rapid flow filter paper in a Biichne 
funnel. Just before the precipitate gets dry, it is washed with 100 ml. of 
acetone followed by 100 ml. of ether. Suction is maintained for a few 
minutes to dry the precipitate, which is transferred to the vacuum degic. 
cator overnight. All manipulations are carried out at room temperature, 

While intact cells decarboxylate glutamic acid, glutamine, arginine, ly. 
sine, and histidine, the acetone powder has decarboxylases only for glu- 
tamic acid, lysine, and arginine, with a relative activity of 100, 10, and 15, 
respectively. The lysine and arginine decarboxylases are destroyed by 
incubating a 2 per cent suspension of the acetone powder in water at 55° 
for 5 to 7 days or in 0.3 m acetate buffer, pH 5.0, at 37° for 3 to 5 days. A 
second acetone powder is prepared from this material by the same technique 
described above. In this state the enzyme can be stored for months with 
only a slight loss in activity. 

Measurement of Activity—The source of the enzyme is a 1 to 2 per cent 
suspension of the second acetone powder in water. The conventional War- 
burg technique is used and the CO, evolution is taken as a measure of ae- 
tivity. Unless otherwise stated all measurements are made at 37° in ace- 
tate buffer, pH 5.0, final concentration 0.10 to 0.15 M, with air as the gas 
phase. The main compartment contains the substrate and the buffer. 
After equilibration for 15 minutes, 0.1 ml. of the enzyme is tipped in from 
the side arm. A blank manometer containing no substrate is run simul- 
taneously. For measurements of activity readings are taken every 5 to 10 
minutes. However, for quantitative measurements of glutamic acid the 
final reading is taken after CO, evolution comes to an end. The recovery 
of glutamic acid is 96 to 98 per cent, limited only by the errors inherent in 
the manometric technique. The decarboxylation of glutamic acid results 
in equimolar formation of y-aminobutyric acid, as identified and measured 
by paper chromatography by the method described by Roberts and Frankel 
(10). 

The effect of the age of the culture on glutamic acid decarboxylase ac- 
tivity was studied by determining the decarboxylase activity of the acetone 
powder made from samples removed at various intervals during growth. 
Enzyme activity is near maximal at 4 hours and remains constant for at 
least 24 hours (Fig. 1). Activity as measured by CO: evolution is pro- 
portional to the enzyme concentration when the enzyme is saturated with 
the substrate (Fig. 2). 

The effect of pH on activity is shown in Fig. 3. At all these pH values 
the a-carboxyl with a pK of 2.19 (11) is completely ionized and the ad- 
jacent amino group with a pK of 9.67 (11) is in the quaternary state. The 
only variable is the dissociation of the y-carboxyl group with a pK of 4.25 
(11). The y-carboxylate species (COO-) is present to the extent of 36 per 
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3iichner cent at pH 4.0 and 96 per cent at pH 5.6. The activity of the enzyme at 
) ml. of these two pH values (Fig. 3) is very similar in magnitude, the Michaelis 
r a few constant at pH 4 and 5.6 being 16.6 x 10-* m and 14.3 X 10-* M, respec- 
n desic. tively. Thus the effect of pH on activity of the enzyme must result from 
erature, alterations of the enzyme surface, rather than from alteration of the sub- 
‘ine, ly. strate. At the pH optimum (pH 5.0), however, most of the y-carboxy] is 
for glu. present as the carboxylate ion, and the Michaelis constant is about 4.5 x 
and 15, | 10° (Fig. 4). 
ved by 
r at 55° 4) | 
ays. A 
chnique a a 
hs with J | we 
e ° e v | x } 
er cent | y 20+ ey : 3 . | 
al War. | 9 | 
e ofac- Fs 1.5- ' r | 
‘in ace | 3 
pr a 8 i2 16 20 24 38 76 14 152 190 228 
in from HOURS ENZYME (> PROTEIN) 
: simal- Fria. 1 Fia. 2 
5 to 10 Fig. 1. Enzyme activity as a function of the age of the culture. Cells harvested 
. at the period indicated and acetone powder made as in the text. Activity (CO: 
eid the liberated in 10 minutes) measured with 0.5 mg. of acetone powder in 0.1 ml. of water 
ecovery in side arm, L-glutamic acid 10 um, acetate buffer 0.15 m, pH 5.0; total volume 2.5 
erent in ml. Temperature 37°. The enzyme was tipped in at 0 time. 
results Fie. 2. Activity (CO2 liberated in 10 minutes) as a function of enzyme concen- 
easured tration. Enzyme in side arm in varying amounts as indicated, L-glutamiec acid 50 
Frankel uM, acetate buffer 0.15 M, pH 5.0; total volume 2.5 ml. Temperature 37°. The en- 
zyme was tipped in at 0 time. 
lase ac- Purification of Enzyme 
acetone ; 
srowth. When acetone powder is prepared as described above, about 5 to 20 per 
t for at cent of the activity is extracted with water, 0.16 m NaCl, 0.2 m acetate 
is pro- buffer, pH 5.0, or 0.1 m phosphate buffer, pH 7.0; 80 to 95 per cent remains 
od with in the extracted cells and is not removed by repeated extractions. How- 
ever, when washed cells are ground with alumina, the enzyme is found to be 
valde completely soluble. Centrifugation at 21,000 x g for 3.5 hours in the cold 
the ad- does not diminish the activity of the supernatant liquid. 
. The Washed cells from 6 liters of an 18 hour culture are ground with alumina 
of 4.25 (1557AB, Buehler, Ltd., Chicago) at 6° and extracted with 50 ml. of cold 
+ 36 per water for half an hour. The extract is then centrifuged at 10,000 x g in 
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the cold. Ammonium sulfate solution saturated at 6° is then added step. 
wise to the clear supernatant fluid to obtain a saturation of 0.50 and the 
precipitated fraction collected by centrifugation in the cold. The precip. 
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Fia. 3. Activity (CO: liberated in 10 minutes) as a function of pH. Enzyme, 05 
mg. of acetone powder in 0.1 ml. of water in side arm, L-glutamic acid 10 uM, acetate 
buffer 0.15 m, pH 5.0; total volume 2.5 ml. Temperature 37°. The enzyme was 
tipped in at 0 time. 

Fig. 4. Enzyme (protein 0.2 mg.) in 0.1 ml. of water in side arm and glutamic acid 
4X 10°? to 4.8 X 10-7? m. Acetate buffer 0.15 m, pH 5.0; total volume 2.5 ml. Tem- 
perature 37°. Enzyme tipped in at0 time. s = molarity and v = micromoles of C0, 
liberated in 10 minutes. 


TABLE I 


Purification of u-Glutamic Acid Decarbozylase 


Total Specific 


activity Total protein activity 

units* meg. units per mg. 
Water extract of alumina-ground bacteria 4270 206.0 20.7 
0.0-0.50 ammonium sulfate saturation 2240 74.0 30.0 
Supernatant after dialysis - 1270 23.0 55.7 
Refractionation 0.40-0.50 saturation . 310 1.8 172.3 


*1 unit is 1 um of glutamic acid decarboxylated in 10 minutes as measured by 
CO, evolution. 


itate is dissolved in 10 ml. of cold water and dialyzed against distilled water 
for 4 hours at 6°. The resulting turbid solution is centrifuged and the su- 
pernatant fluid is refractionated with ammonium sulfate. The fraction 
collected at 0.40 to 0.50 saturation contains about 7 per cent of the activity 
with over 8-fold purification (Table I). 
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SUMMARY 

1. The preparation from Escherichia coli of t-glutamic acid decarboxyl- 
ase free from glutaminase and any other detectable amino acid decarboxyl- 
ase has been described. 

2. The enzyme is specific for L-glutamic acid and attacks the a-carboxyl 
group to yield stoichiometric amounts of CO: and y-aminobutyric acid. 

3. Maximal activity is obtained at pH 4.8 to 5.0 in acetate buffer, 0.15 
mu. The Michaelis constants at pH 4, 5, and 5.6 are 16.6, 4.5, and 14.3 
xX 10-* M, respectively. 

4. An 8-fold purification of the enzyme from alumina-ground cells was 
effected by fractionation with ammonium sulfate. 


BIBLIOGRAPHY 
1. Gale, E. F., Biochem. J., 39, 46 (1945). 
2. Gale, E. F., J. Gen. Microbiol., 1, 53 (1947). 
3. Krebs, H. A., Biochem. J., 48, 51 (1948). 
4. Meister, A., Sober, H. A., and Tice, 8. V., J. Biol. Chem., 189, 591 (1951). 
5. Schales, O., in Sumner, J. B., and Myrbick, K., The enzymes, New York, 2, 
pt. 1, 216 (1951). 
6. Meister, A., Sober, H. A., and Tice, 8. V., J. Biol. Chem., 189, 577 (1951). 
7. Ayengar, P., Roberts, E., and Ramasarma, G. B., J. Biol. Chem., 193, 781 (1951). 
8. Najjar, V. A., and Fisher, J., Federation Proc., 11, 264 (1952). 
9. Narrod, S. A., and Wood, W. A., Arch. Biochem. and Biophys., 35, 462 (1952). 


10. Roberts, E., and Frankel, 8., J. Biol. Chem., 187, 55 (1950). 
11. Cohn, E. J., and Edsall, J. T., Proteins, amino acids and peptides, American 
Chemical Society monograph series, New York, 85 (1943). 














TISSUE ERGOTHIONEINE* 


By DONALD B. MELVILLE, WILLIAM H. HORNER, ann ROSE LUBSCHEZ 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, August 17, 1953) 


The analysis of tissues other than blood for ergothioneine has been 
hampered in the past by the lack of adequate analytical methods. The 
earlier colorimetric methods for ergothioneine, based on the use of the uric 
acid reagents, suffer from lack of specificity and therefore give results of un- 
certain value when applied to tissues (1). Even the more recent blood 
methods (2-4) which include improved purification steps to remove sub- 
stances interfering with the diazo color reaction do not completely remove 
interfering substances from most tissue preparations. Before d>finitive 
data on the distribution of ergothioneine in tissues can be obtained, a 
more complete separation of the compound from other tissue constituents 
is necessary. 

In this paper we describe the application of column chromatography to 
the analysis of tissues for ergothioneine. The results demonstrate that 
ergothioneine is widely distributed in the tissues of the rat and that the 
concentration of tissue ergothioneine is markedly dependent on the diet. 


EXPER MENTAL 


The chromatographic procedure used in these studies is similar to the 
method described earlier for the separation of small amounts of ergothi- 
oneine from chicken blood (5). Modifications were introduced to improve 
yields, increase the sharpness of the elution bands, and decrease the time 
required for carrying out the analyses. 

Alumina—Both Alcoa alumina (grade F-20) and Amend chromato- 
graphic alumina have been used. Some lots of alumina yielded turbid 
eluates; this was eliminated by using washed alumina. 200 gm. portions 
of alumina were washed by decantation several times with distilled water. 
The alumina was reactivated by heating at 200° for 4 hours, and then was 
sieved. The material from 80 to 200 mesh was used for chromatography. 

Solvent—The purity of the alcohol used for making up the column solvent 
had a marked effect on the yields of ergothioneine obtained. Commercial 
absolute ethanol gave low recoveries; redistilled ethanol was somewhat 
better. We have obtained the best recoveries with ethanol distilled from 
the Grignard reagent and then from granulated zinc. 


*This work was aided by a grant from the Nutrition Foundation, Inc. 
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It has been found, also, that the addition of an organic acid to the eg. 
umn solvent aids in maintaining high recoveries. Citric acid was first used 
in this way, and the analyses described in this paper were carried out with 
aqueous ethanol containing 1 per cent citric acid. More recently it has 
been found that the replacement of citric acid with formic acid decreases 
materially the elution volume of the ergothioneine. The column solvent js 
made freshly by adding 1 volume of formic acid (98 to 100 per cent) to 1 
volumes of aqueous alcohol (75 volumes of purified ethanol and 25 volumes 
of water). 

Tissue Analysis—In a typical analysis, 4 gm. of perfused tissue wer 
homogenized in an all-glass apparatus with 6 ml. of water. 1 ml. of 4 
per cent trichloroacetic acid solution was admixed and the precipitated pro. 
teins were separated by centrifugation and washed with an equal volume 
of water. The supernatant solutions were combined and passed through a 
column containing 4 gm. of the acetate form of Amberlite IRA-410. The 
column was washed with 12 ml. of water, and the combined eluates were 
concentrated to dryness in vacuo. The residue was dissolved in 2 ml, of 
column solvent and placed on a column 9 mm. in diameter containing 
gm. of alumina. Solvent was passed through the column at a constant 
rate of 14 ml. per hour. 1 or 5 ml. fractions were collected and evaporated 
to dryness, and the ergothioneine content of each was determined by means 
of the magenta color produced with diazotized sulfanilic acid in the presence 
of alkali, as previously described (4). 

Blood Analysis—Washed red cells (2 ml.) were carried through the same 
procedure described above, except that 70 mg. of glutathione and 100 mg. 
of sodium hydrosulfite were added to the laked cells prior to precipitation 
with 2 ml. of trichloroacetic acid. This step is essential for quantitative 
recoveries of ergothioneine from blood when trichloroacetic acid is used as 
the protein precipitant (4). However, the addition of these reducing sub- 
stances is not necessary when perfused tissues are analyzed. 

In the case of both blood and tissues, the amount of solid material placed 
on the column was limited to a maximum of 200 mg. To determine the 
degree of separation of ergothioneine from ninhydrin-reacting material, 
samples of blood cells and perfused liver were analyzed by collecting 1 ml. 
fractions and carrying out ninhydrin determinations (6) on alternate tubes. 
These results are shown in Figs. 1 and 2. Subsequent analyses were car- 
ried out by collecting 5 ml. fractions; this was sufficient to determine the 
position and shape of the ergothioneine peak. 100 y samples of pure 
ergothioneine, chromatographed alone or added to blood cells which con- 
tained no demonstrable ergothioneine, were recovered in the effluent in 
yields of 90 to 95 per cent. 

For determination of the ergothioneine distribution in rat tissues, adult 
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the col. albino rats which had been maintained on a commercial pellet diet were 
rst used anesthetized with ether and as much blood as possible was removed by 
ut With puncture of the abdominal aorta. The Krebs-Ringer solution was then 
y it has infused through the same needle and allowed to escape via a small incision 
creases in the inferior vena cava, with the heart still beating. After several min- 
a Is utes the escaping fluid appeared to be essentially blood-free. No blood was 
to 1 
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al placed Fig. 1. Distribution of ergothioneine and ninhydrin-reacting material in alumina 


mine the chromatogram of fraction from 2 ml. of rat red blood cells. Column solvent 1 per 
nae cent citric acid in aqueous ethanol. 
ing 1m. | discernible by gross examination of the organs and tissues. Typical analy- 
te tubes ses of various rat tissues obtained in this manner are given in Table I. 
end 4 The effect of diet on the level of tissue ergothioneine was next investi- 
mine the gated. Adult albino rats which had been maintained on a purified diet 
of ~ (casein 20, sucrose 55, hydrogenated vegetable oil 19, plus minerals and 
rich con- | vitamins) for 6 months were perfused and the tissues were carried through 
Huent in the chromatographic procedure. No detectable amounts of ergothioneine 
were present in any of the tissues examined (blood cells, liver, kidneys, 
es, adult heart, lung, spleen, and skeletal muscle). Since as little as 2 to 4 y of 
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ergothioneine can be detected in the column effluent, the sensitivity of the 
method permits ergothioneine determinations to a level as low as 0.05 Ing. 
per 100 gm. of tissue when a 4 gm. sample is used. All determinations 
were carried out with tissue samples weighing between 1 and 4 gm. (p. 
gans from two rats were pooled when necessary to obtain the desired 
amount of tissue. 
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Fig. 2. Distribution of ergothioneine and ninhydrin-reacting material in alumina 
chromatogram of fraction from 1 gm. of perfused rat liver. Column solvent 1 per 
cent citric acid in aqueous ethanol. 


It was of interest to determine the cellular distribution of ergothioneine. 
To this end, the perfused liver from a rat possessing a blood ergothioneine 
level of 2.2 mg. per cent was subjected to the ultracentrifugal fractionation 
technique of Schneider and Hogeboom (7). The fractions containing nu- 
clei, mitochondria, microsomes, and cytoplasm were each analyzed by the 
method previously described, as modified for tissue analysis by the use of 
picric acid in conjunction with trichloroacetic acid (4). Samples were 
analyzed both with and without the addition of glutathione and hydro- 
sulfite prior to protein precipitation. Only in the case of the cytoplasmic 
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fraction was there indication of the presence of appreciable amounts of 
ergothioneine, and the tests were positive both with and without the addi- 
tion of reducing agents. Since the 0.88 m sucrose used as the dispersing 
medium interfered somewhat with the diazo tests, a second experiment 
was carried out on perfused liver in which 0.9 per cent sodium chloride 
solution was used instead of sucrose. The supernatant fraction obtained 
by centrifugation for 2 hours at 100,000 X g was analyzed with and with- 
out the addition of glutathione and hydrosulfite. A value of 12.0 mg. of 
ergothioneine per 100 gm. of liver was obtained in each case. These values 
are in good agreement with determinations carried out on whole liver with 
and without the addition of reducing agents (12.6 and 12.4 mg. per 100 gm. 
of liver, respectively). 


TaBie I 
Ergothioneine Content of Normal Rat Tissues 
The values are given in mg. per 100 gm. of fresh tissue. 








Tissue | Ergothioneine Tissue | Ergothioneine 

liver. ..... ide scan wade | 13.3 Ro arr 0.6 
Blood cells........ aq 10.4 | Mision. 0.4 
NE S595 on eola ciao’ 4.3 Seminal vesicles..... 0.2 
Heart... . 1.5 , RE ree ee 0.0 
Lungs.... 1.5 Braim...... 0.0 
SE sil. on Lf Blood plasma.......... 0.0 
Skeletal muscle. .. 0.7 





DISCUSSION 


The results of the chromatographic analyses of tissues described above 
show that ergothioneine is widely distributed in the tissues of the rat sub- 
sisting on a normal diet. Heath and coworkers examined rat tissues for 
ergothioneine with negative results, but did observe an accumulation in 
liver, blood, kidney, and spleen after feeding or injecting relatively large 
amounts of the compound (8). Presumably the absence of detectable 
ergothioneine in the control animals used by these workers was due to the 
nature of the diet, inasmuch as the present data demonstrate that dietary 
changes can bring the tissue ergothioneine level to the vanishing point. 
More recent work by Heath (9) has offered evidence for the presence of 
ergothioneine in rat liver and kidney. 

The chromatographic procedure described above makes possible the 
analysis of a wide range of animal tissues. The sensitivity is roughly 10 
times that of the blood methods. In no case have we found interference 
with color development, with the tissues studied. It further offers in- 
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creased assurance that only ergothioneine is being measured. Baldridge 
and Lewis (10) have recently found evidence for a substance other than 
ergothioneine in rat blood which forms a pink-red color in the diazo test for 
ergothioneine, and which would therefore contribute to the color value and 
give erroneously high results in the blood methods if it were not removed 
before color development. Furthermore, we have found that ergothioneine 
added to rat red cells containing no ergothioneine (as determined both di- 
rectly and chromatographically) is recovered from the chromatogram jp 
95 per cent yield, but several samples of rat blood from animals maintained 
on a stock diet have given column recoveries in the range of 50 to 70 per 
cent when compared with values obtained in the direct determination (4) 
of ergothioneine. In all cases the colors obtained in the tests were indis- 
tinguishable from the magenta color given by pure ergothioneine. These 
findings suggest the presence of a substance other than ergothioneine in the 
red cell, which is determined by the direct blood procedure but not by the 
chromatographic method. That this substance may be derived from er- 
gothioneine is indicated by our finding that similar discrepancies between 
the direct and chromatographic methods are obtained with the blood from 
rats which have been maintained on a purified (casein) diet to which er- 
gothioneine has been added, while blood from rats fed the purified diet 
without added ergothioneine gives only pale yellow colors in the direct 
diazo test, and gives colorless fractions in the chromatographic procedure. 

The high concentration of ergothioneine in liver is worthy of note. We 
have consistently obtained higher values for liver than for red cells in the 
several animals that we have examined. The ergothioneine content of 
liver undoubtedly explains the increased blood ergothioneine levels ob- 
served by Spicer and coworkers (11) when rabbits were fed liver paste. 
The presence of ergothioneine in liver is not species-specific for the rat; we 
have found the substance in liver tissue of the guinea pig and chicken. 
The ergothioneine content of liver and other tissues provides a ready di- 
etary source for species such as man which consume appreciable amounts 
of meat. 

Mann and Leone (12) have shown that ergothioneine is present in rela- 
tively high concentrations in the seminal fluid of the boar, but failed to 
obtain evidence for its presence in the semen of the rat, bull, ram, or man. 
Heath (9) has concluded that ergothioneine is absent from rat seminal 
vesicles. The small but readily detectable amount of ergothioneine which 
we find in rat seminal vesicles probably represents a true concentration in 
this organ rather than incomplete removal of blood, since brain and testes 
were completely free from ergothioneine. 

We had earlier suggested (4) that the necessity for the addition of reduc- 
ing agents to blood cells to prevent loss of ergothioneine in the subsequent 
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protein precipitation with trichloroacetic acid might be explained by the 
splitting of an ergothioneine-protein linkage by the reducing agents. If 
such is present in red cells, it does not appear to exist in liver tissue, since 
the addition of reducing agents has no significant effect on the recovery of 
ergothioneine from liver. Furthermore, in the case of red cells we have 
obtained evidence to suggest that the need for reducing agents is condi- 
tioned in part by the state of oxygenation of hemoglobin. Solutions of 
oxyhemoglobin to which ergothioneine has been added yield trichloroacetic 
acid filtrates which contain little or no ergothioneine. However, when 
solutions of hemoglobin, carboxyhemoglobin, or sulfhemoglobin are treated 
similarly, appreciable amounts of ergothioneine appear in the filtrates. 

These data are highly reminiscent of the results obtained by other work- 
ers with blood ascorbic acid as described by Lemberg and Legge (13). It 
was found that trichloroacetic acid filtrates contained minimal amounts of 
ascorbic acid, and it was suggested that the vitamin was bound to some 
extent with protein and was thereby lost during the protein precipitation. 
Further work showed that better recoveries were obtainable when oxy- 
hemoglobin was converted to hemoglobin or to carboxyhemoglobin before 
the trichloroacetic acid treatment, and it was found that the losses of 
ascorbic acid in the presence of oxyhemoglobin are due to oxidation of the 
vitamin by “active oxygen” formed when oxyhemoglobin is denatured by 
the strong acid precipitant. 

It seems likely that a similar mechanism is operating in the case of 
ergothioneine. Should ergothioneine be oxidized under these conditions, 
the formation of inorganic sulfate from the sulfhydryl radical would appear 
possible, since it is known that mild oxidizing agents can effect this con- 
version (14). We have found that the amount of sulfate in trichloroacetic 
acid filtrates is, in fact, increased when ergothioneine is added to the red 
cells prior to the addition of trichloroacetic acid. The increased amount of 
sulfate accounted for 10 to 15 per cent of the sulfur of the added ergothi- 
oneine. It would appear from these results that the addition of hydrosul- 
fite and glutathione may be necessary in the analytical procedure for blood, 
in part, at least, to prevent the oxidation of ergothioneine. Protein bind- 
ing may also be involved to some extent, since we have not been able to 
elect complete recovery of ergothioneine added to purified globin or to 
plasma proteins, after precipitation of the proteins with trichloroacetic 
acid. 

The fact that no ergothioneine is detectable in the tissues of rats main- 
tained for several weeks on purified diets suggests that the substance is 
not essential for this species. However, the present data do not permit an 
unequivocal conclusion on this point because not all body tissues have been 
analyzed, and, furthermore, concentrations of ergothioneine much below 
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0.1 mg. per 100 gm. of tissue would not be detected in the tissues which 
were analyzed. 


The authors wish to express their appreciation to Miss Mary Exner for 
carrying out many of the analyses described in this paper. 


SUMMARY 


Column chromatography with alumina and aqueous alcohol has been 
applied to the analysis of animal tissues for ergothioneine. By this tech- 
nique it has been shown that ergothioneine occurs wide-spread in the tis- 
sues of rats maintained on stock diets. Liver is particularly rich in er- 
gothioneine; the compound is associated with the cytoplasmic fraction of 
the liver cells and appears to exist in an unbound form. Other tissues 
which contain ergothioneine are kidney, blood, lung, spleen, heart, skeletal 
muscle, intestine, stomach, and seminal vesicles. None was detectable in 
blood plasma, testes, or brain. 

By maintaining rats for several weeks on a purified diet containing casein 
as the source of protein, the ergothioneine content of the blood and other 
tissues is reduced to such low levels as to be undetectable by the present 
methods of analysis. 
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THE METABOLISM OF C*¥-GLYCEROL IN THE INTACT RAT* 


By L. I. GIDEZt anp MANFRED L. KARNOVSKY 


(From the Department of Biological Chemistry and the Biophysical Laboratory, Harvard 
Medical School, Boston, Massachusetts) 


(Received for publication, May 6, 1953) 


Considerably more work has been carried out on the formation of car- 

bohydrate from glycerol than on its incorporation into lipides. Thus, con- 
version of glycerol to glucose (1-4) and to glycogen (5-7) has been repeat- 
; edly studied in vivo and in vitro (6). More recently there has been work 
on the incorporation of C'*-glycerol carbon (8-10) and deuterioglycerol (11) 
| into liver glycogen. 
‘ With regard to lipides, Karnovsky and Gidez (12, 13) and Doerschuk 
(8) have demonstrated the incorporation of C'*-glycerol into the neutral 
' fats (acetone-soluble lipides) and phosphatides (acetone-insoluble lipides) 
" of the rat. Glycerol has been shown by Kennedy to double the synthesis 
f of phosphatides by isolated washed rat liver mitochondria (14). Simi- 
larly Balmain et al. (15, 16), Bloch (17), and Karnovsky (18) have reported 
a stimulation of acetate incorporation into fatty acids by glycerol. 

The present paper contains the results of a study on the formation of 
), C02, carbohydrate, and lipide from C-glycerol. In most of the data to 
be discussed the incorporation of glycerol into the various metabolic frac- 
tions has been followed with time. Preliminary results of this work have 
been reported previously (13). 


EXPERIMENTAL 


530 Synthesis of Radioactive Glycerol—The C"-glycerol used in these experi- 
ments was prepared by the method described by Gidez and Karnovsky (19). 

Normal male rats of the Wistar strain were used. All the animals were 
" fasted for 24 hours prior to their use. During the first 12 hours they were 
given 5 per cent glucose ad libitum, and then water for the remainder of the 
time. Rats weighing 180 to 220 gm. were selected; their weights dropped 
lew to 160 to 200 gm. after the fast. 

One series of experiments was carried out in a metabolism train. Re- 
spiratory CO, expired during definite periods, was collected for 6 hours af- 


* From a thesis presented by Lewis I. Gidez to the Division of Medical Sciences of 
Harvard University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, 1953. This work was supported in part by grants from the Atomic 
Energy Commission, and the Eugene Higgins Trust through Harvard University. 

7 Predoctoral Fellow of the Atomic Energy Commission, 1950-52. Present ad- 
dress, Medical Department, Brookhaven National Laboratory, Upton, New York. 
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ter intraperitoneal, intravenous, or intragastric administration of varying 
amounts of a- or B-C'-glycerol dissolved in 1 ml. of physiological saline, 
At the end of 6 hours the animals were injected intraperitoneally with 20 
mg. of Amytal. When they reached light surgical anesthesia they were 
killed by decapitation and exsanguination. Blood and various organs were 
collected for isolation of lipides and determination of their specific activities, 
The amount and specific activity of the C™“O,. expired in each period 
were also determined. The radioactivity of collected urine and feces was 
counted, and constituted usually about 1 to 5 per cent of the counts ad- 
ministered. ‘ 

In a second series of experiments approximately 1 mm (92 mg.) of a-C¥. 
glycerol dissolved in 1 ml. of saline was injected intraperitoneally into each 
of several rats. The animals were put in individual wire cages placed in 
well ventilated hoods, without access to food or water. Prior to the injec- 
tion, 0.1 ml. of tail blood was collected for blood glucose determination, 
At the end of 15 or 30 minutes, 1, 2, 4, or 6 hours, animals were stunned 
by means of a blow at the base of the brain, and then killed by decapitation 
and exsanguination. Blood was collected in heparinized tubes; the livers 
were removed immediately and one-half was used for glycogen determina- 
tion, while the remainder was saved for lipide isolation. The lipides were 
fractionated, hydrolyzed, and oxidized with periodate as described under 
““Methods.” 

In a third series of experiments 1 mm of a-C'-glycerol was administered 
to each of nine rats under the conditions above. Five animals were sacri- 
ficed after 1 hour, and the other four after 6 hours. The livers in each group 
were pooled and the total lipide extracted and fractionated. Pure tri- 
benzoin and barium glycerophosphate were prepared from the neutral fat 
and phosphatide, respectively. A comparison was made of the activities 
of formaldimedon obtained after direct periodate oxidation of the aqueous 
hydrolysate fractions and those obtained after isolating the pure deriva- 
tives. 


Methods 


CO, Analyses—The Na.C“O;-NaOH solutions from the metabolism 
train were diluted, and aliquots were used to determine CO. manometrically 
by the method of Van Slyke and Neill (20). 

Glucose and Glycogen Analyses—Blood glucose was determined by the 
method of Nelson (21) and Somogyi (22). Liver glycogen was isolated by 
the method of Good et al. (23). After hydrolysis of the glycogen, the glu- 
cose formed was determined as above (21, 22). 

Isolation of Lipides—The method of Bloor (24), with modifications, was 
employed for the extraction of tissue lipides. The tissue was ground with 
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purified sand and alcohol, and the resulting mince was extracted with hot 
alcohol for 1 hour ona steam bath. After filtering, the tissue was reground 
and extracted twice with alcohol-ether (2:1) at 30°. The solutions were 
filtered and the combined filtrates were taken to dryness in vacuo on a water 
path at 60°. The residue was extracted thrice with low boiling petroleum 
ether and filtered. This solution was washed with three successive por- 
tions of water (3 ml.) to remove any free glycerol that might have been 
present. 

Lipides from plasma and whole blood were obtained by extraction with 
alcohol-ether (3:1) (25). Red blood cells were ground with MgSO, and 
extracted in a Soxhlet apparatus with chloroform. 

The phosphatide content of the lipides was estimated by total phosphorus 
analyses (26, 27). The lipides were fractionated into acetone-soluble and 
acetone-insoluble components by the addition of 5 to 6 volumes of acetone 
and 4 to 6 drops of a saturated alcoholic solution of MgCl. to 1 to 3 ml. of 
a petroleum ether solution of the lipide (24). After standing in the cold 
for 1 hour or longer, the solution was centrifuged. The supernatant ace- 
tone was decanted, and the residue was washed with fresh acetone. 

Phosphorus analyses were carried out on the acetone solutions. If the 
acetone-soluble material was found to contain more than 2 per cent phos- 
phatides, a second fractionation was made. This process was repeated un- 
til there was 2 per cent or less phosphatide contamination. 


Hydrolysis of Lipides 


Neutral Fat—The neutral fat was saponified and the unsaponifiable frac- 
tion separated by the method of the Society of Public Analysts (28), modi- 
fied to apply to samples of 30 to 50 mg. of fat. Alcoholic NaOH was used 
instead of KOH in cases in which periodate oxidation was later to be car- 
ried out. After removal of the unsaponifiable fraction, the aqueous solu- 
tion was acidified with H.SO,, and the fatty acids were extracted with low 
boiling petroleum ether. The remaining solution was chilled, filtered, and 
treated with periodic acid (29), and the resulting formaldehyde steam-dis- 
tilled. Formaldimedon was precipitated from the distillate by the addi- 
tion of 2 ml. of 1 m sodium acetate and 1 ml. of an alcoholic solution of 
dimedon (5 ,5-dimethylcyclohexane-1 ,3-dione) (29). The precipitate was 
washed with water and recrystallized from aqueous alcohol. 

Phosphatides—Samples of phosphatide (50 to 100 mg.) were refluxed for 
2hours with 1 ml. of 95 per cent alcohol and 5 ml. of 6N HCl. Water was 
added and the fatty acids were extracted with four 15 ml. portions of low 
boiling petroleum ether. The aqueous fraction was chilled, filtered, and 
adjusted to pH 3, and then shaken with 4 ml. of Amberlite IR-100-H for 
10 minutes. Preliminary tests had shown that this treatment effects the 
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complete removal of ethanolamine and serine from solution. The resulting 
solution showed a negative ninhydrin reaction on paper, and was filtered, 
made to pH 8, and treated with periodic acid. The formaldehyde was ¢ol- 
lected, precipitated, and recrystallized as above. 


Preparation and Degradation of Lipide Glycerol Derivatives 


In the third series of experiments described above, the neutral fats and 
phosphatides were hydrolyzed, tribenzoin was prepared from the aqueous 
fraction of the neutral fat hydrolysate, and barium glycerophosphate from 
the aqueous fraction of the phosphatide hydrolysate, after the ion exchange 
treatment described above. The methods of preparation of these deriva- 
tives were as used by Doerschuk (8). Tribenzoin was saponified, the ben- 
zoic acid separated by filtration after acidification and chilling, and the 
filtrate periodate oxidized. The formaldehyde representing the glycerol 
a-carbons was collected as above. The formic acid formed was oxidized 
with HgO, and the glycerol 8-carbons obtained as barium carbonate (19), 
The barium glycerophosphate was burned and counted as BaCO;. Sam- 
ples were also converted to the sodium salt and were oxidized with perio- 
date. Formaldehyde was collected as above. 


Measurement of Radioactivity 


All the samples to be counted were mounted on stainless steel disks which 
had a plating area of 1.54sq.cm. A gas flow counter was used throughout 
the work (30). 

Expired C“O.—The expired C“O, was counted as BaC"O3. 

Glucose and Glycogen—To the solutions of glucose from the blood filtrate 
and the hydrolyzed glycogen, 10 mg. of carrier glucose were added, and the 
phenylosazones were precipitated. These osazones were recrystallized 
from 50 per cent ethanol before being mounted for counting. 
' Lipides—The lipides were dissolved in CHCl; and drops of the resulting 
solution were put on disks of lens paper placed on the plating surface of the 
planchet. In some instances (unsaponifiable material and fatty acids) 
ether or petroleum ether solutions were added to the planchet. Solvents 
were removed in vacuo until the planchets reached constant weight. 

a-Carbons of Lipide Glycerol—The formaldimedon from the a-carbons of 
the glycerol moiety of the triglycerides and phosphatides was plated and 
counted as such (19). 

Self-Absorption—All the counts were corrected with appropriate self- 
absorption factors. BaCO,; factors determined by Robinson were used.! 
In the case of the glucosazones, lipides, and formaldimedon, the appropriate 
corrections were determined experimentally and applied. 


! Robinson, C. V., unpublished data. 
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Correction Factors to Counts As BaCO;—Under the counting conditions 
employed in these laboratories, good agreement between activities obtained 
by counting organic substances, or by converting these to BaCO;, and 
counting the latter were obtained. Results of the determination of the 
various small factors involved will be reported elsewhere. 
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Fie. 1. Specific activities of expired CO: after administration of C'-glycerol. 
112.2 mg. of a-C'*-glycerol given intraperitoneally (@), intragastrically (O), and 
intravenously (A); 59.7 mg. of 6-C'*-glycerol given intragastrically (M@), and 177.2 
mg. of 8-C'*-glycerol given intraperitoneally (01). The specific activity of the 
a-labeled glycerol was 630,000 c.p.m. per mM, that of 8-labeled glycerol 103,000 c.p.m. 
permm. All the counts were normalized to 1 X 10° c.p.m. administered. 


RESULTS AND DISCUSSION 


Oxidation of Glycerol to COx—Three specific factors were studied with re- 
gard to their influence o: glycerol oxidation in vivo, as reflected by the ex- 
piration of C“O.: (1) effect of the route of administration; (2) effect of the 
position of the label in the glycerol molecule; and (3) effect of the amount 
of glycerol administered. 

Fig. 1 shows the changes in specific activity of expired CO, with time 
after the administration of a- or 8-C-glycerol, given intraperitoneally, 
intragastrically, or intravenously. There are apparently no significant 
differences in the patterns observed. 

Fig. 2 demonstrates the relationship of the amount of glycerol oxidized 
tothe amount administered. Where less than 30 mg. of glycerol was given, 
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the proportion converted to CO, was greater than at levels above 30 mg, 
and bore an inverse relationship to the amount administered. At levels 
above 30 mg. an approximately constant proportion of the administered 
dose appeared to be oxidized. The mode of administration or position of 
label did not appear to affect the cumulative expiration pattern. 
Synthesis of Blood Glucose and Liver Glycogen from C™-Glycerol—In Table 
I are data on the formation of glucose and glycogen from glycerol. Net 
increases of blood glucose were demonstrable only during the first 30 min. 
utes. On the other hand there was no net formation of glycogen until 





T T T T T T T ] I I T 
80F 7 



























a 60 » 
WW 
N 
Oo = 
x 
3 

40 6 HOURS , * 

c] 
Ww * HOURS shal 
© bf . 
<a . 
a 2 
Z 4 2 HOURS 
oO a a 
r 4 
a ___|_HOUR 
! 1 \ ! =. Sa ee 
10) 80 120 160 200 240 


MG. GLYCEROL ADMINISTERED 


Fig. 2. Relationship of the percentage of glycerol oxidized to the amount ad- 
ministered. The percentage of glycerol oxidized was calculated as the percentage 
of administered counts expired. Three determinations were made at the 112.2 mg. 
level. The results of the experiment at 19 mg. were apparently atypical. 


after 15 minutes, and maximal synthesis was not reached until after 1 to 
2 hours. 

Fig. 3 shows the percentages of total glucose and glycogen carbon derived 
from glycerol carbon. These data were obtained from specific activity 
measurements of the glucose phenylosazones derived from blood glucose 
and liver glycogen. Peak values for both carbohydrates occurred at 1 
hour, one-third of the glucose and one-fifth of the glycogen carbon being 
derived from glycerol at that time. From the percentages in Fig. 3 and 
the chemical data in Table I, the values given in Fig. 7 for the percentages 
of administered glycerol converted to blood glucose and liver glycogen were 
obtained. 

The values in Fig. 3 show the percentage of total carbohydrate carbons 
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derived from glycerol, but these data do not yield information on the per- 
centage of newly formed glucose or glycogen arising from the administered 
glycerol. These figures may be calculated from the data of Table I and 
Fig. 3 for those times when there was net synthesis of glucose or glycogen. 
In the case of glucose, the data are for blood only, and not total extracellu- 
lar glucose; for the calculations a blood volume of 4.5 ml. per 100 gm. of rat 
was used (31). In the case of glycogen, the initial levels were based on a 
fasting glycogen content of 0.046 per cent. The results are presented in 
Table II. The increases in glucose and glycogen are apparently greater 


TABLE I 


Synthesis of Blood Glucose and Liver Glycogen at Varying Times after Administration 
of Approximately 1 ma of C'4-Glycerol* 


























Blood glucose concentration 
Time No. of rats a Liver glycogen, finalt 
| Initial | Final 
hrs. mg. per cent Bers mg. per cent | mg. per 100 mg. tissue 
i 2t 63 (44.5) | 94 (414) | 0.05 (40.01) 
3 5 73 + 14 | 100+ 9 0.19 + 0.04 
1 4 68 + 12 65+ 6 0.70 + 0.18 
2 5 | Gt 7 63+ 4 0.71 + 0.08 
4 4 | 754+ 1.3 | 6+ 3 0.31 + 0.002 
6 2t | 47 cane) 67 (+ a 0.13 (+0.08) 





* An accurately de termined 1 amount of a-C'-glycerol (r ange 87.7 to 89.4 mg.) was 
administered; specific activity 1.085 X 10° c.p.m. per mM. 

t The initial fasting level was 0.046 + 0.007 mg. per 100 mg. of liver. 

t The figures in parentheses represent the average deviation from the mean. In 
all other cases, since sufficient animals were available, the standard error of the mean 
has been calculated. 


than can be accounted for by the glycerol that is converted to these metab- 
olites. However, introduction of glycerol into the animal could presumably 
cause formation of new glucose and glycogen by direct conversion of C"- 
glycerol to carbohydrate, or by a sparing action of oxidized C'-glycerol on 
C” intermediates, which may then be diverted for synthetic reactions. 

Incorporation of C'*-Glycerol into Blood and Liver Lipides—The lipides 
isolated from whole blood were counted. Fig. 4 shows these activities 
and the activities of the corresponding liver lipides. As will be seen in 
Table V, probably all of the activity of blood lipides resides in the plasma 
since there were negligible counts in the red blood cells. 

Incorporation of C'*-Glycerol into Liver Phosphatides and Neutral Fat— 
The specific activities of liver phosphatides and neutral fats counted as 
lipide are plotted in Fig. 5. 


Yim 
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The lipides that were counted to give the curves of Fig. 5, 7.e. phospha- 
tides and neutral fat, were, however, not homogeneous fractions. The sey- 
eral chemical species in each fraction might have incorporated C™ from 
C-glycerol at different rates. Determination of the changes in activity 
of a defined chemical entity would be of greater interest. Table III repre- 
sents such data obtained for the glycerol moieties of the neutral fat and 


¥ BLOOD GLUCOSE 
‘° 


30-— WB Liver GLYCOGEN 






or 





ISMIN. 30MIN 1 HR. 2 HRS. 4 HRS. 6 HRS 

Fig. 3. Percentages of blood glucose carbon and liver glycogen carbon derived 
from glycerol carbon. The number of animals in each time period and the other 
conditions were as in Table I. 


TaBLe II 
Newly Formed Blood Glucose and Liver Glycogen Derived from Administered 
C'4-Glycerol 
The values are given in per cent. 





3 hr. $ hr. 1 hr. 2 hrs. 4 hrs. 6 hrs. 
: os grad SROs Ee LENE Geman eT 
Blood glucose... .. aia 70 | ~ 100 | 
Liver a, Pasatiecete’ 39 23 21 21 | 15 


phosphatide above. The activities of formaldehyde obtained by direct 
periodate oxidation of aqueous hydrolysate fractions agree reasonably well 
with results obtained after passing through the defined derivative. Statis- 
tical analysis of the results indicated that the differences were on the border 
line of significance. Table III indicates a rapid drop in the activity of 
neutral fat glycerol a-carbons from 1 hour to 6 hours, and a much slower 
decline in the activity of phosphatide glycerol a-carbons. 

Determination of the activity of the 6-carbon of neutral fat glycerol, 
carried out on the tribenzoin glycerol, showed randomization of activity 
into this carbon to the extent of 2 per cent of the total glycerol activity at 








j hour, 
least in 
a value 


Fig. 
adminis’ 
means 0 
ments w 
normali: 


Fig. 
adminis 
each gri 
ized to 
is 744; f 





act 


L. I. GIDEZ AND M. L. KARNOVSKY 237 


{ hour, and 5.5 per cent at 6 hours. Randomization is thus small, and, at 
least in 1 hour, of questionable significance (19). Doerschuk (9) obtained 
a value of 18 per cent for rat carcass neutral fat glycerol 24 hours after ad- 
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Fic. 4. Specific activities of liver lipides (O) and whole blood lipides (@) after 
administration of approximately 1 mm of a-C"*-glycerol. All the points are the 
means of three experiments, except at 15 minutes and 6 hours, when only two experi- 
ments were carried out. Other conditions were asin Table I. All the results were 
normalized to 1 X 10* c.p.m. administered. 
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Fig. 5. Specific activities of liver phosphatides (@) and neutral fat (O), after 
administration of approximately 1 mm of a-C'-glycerol. The number of animals in 
each group and the other conditions were asin Table I. All the counts were normal- 
ized to 1 X 10° c.p.m. administered. Assumed molecular weight for phosphatide 
is 744; for neutral fat 840. 
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ministration of a-C"*-glycerol, and it has been shown (32) that 12 to 14 pe 
cent of the activity of glycerol of the hen’s egg resides in the 8-carbon, after 
administration of acetate-1-C™. 


TaBie III 
Specific Activities of Formaldehyde Obtained on Periodate Oxidation of Hydrolysatg 
and Pure Glycerol Derivatives 
85.2 mg. of glycerol, specific activity 1,443,333 c.p.m. per mm administered ty 
each rat; specific activity (c.p.m. per mm).* 


Neutral fat Phosphatide 








1 hr. | 6 hrs. 1 hr. | 
—- ——_|—___|_ oe Ve Se 
Formaldehyde, after | | 
direct periodate oxi- | 
a ee 118,100 + 610 31,200 + 294 37,800 + 1320'26,150 + 570 
a-Carbon of tribenzoin | 
Ce 114,000 + 164027,500 + 700) 
a-Carbon of Ba-glycero-| | 
phosphatef.......... (33,800 + 582 |24,250 + 1715 


* The values are the means of three to five planchets. The standard error of the 
mean is given. All counts were normalized to 1 X 108 c.p.m. administered. 

¢ Melting point and mixed melting point with authentic tribenzoin 71.5-72°. 

t Per cent carbon = 11.4 and 11.8; theory 11.7 per cent. 














T T T T T 

J 10F 4 
° 

x a rn. “7 

/ ie 

WwW \ 

So Sr ? st 4 
> / \ 

-_ { eo 

WJ rg ~ = 
- wl ss 

a Sr; to 7 

° 7. 

- ~oL_ , 
re) : Pa, 

ve Oa 

‘ 44 “~~. 7 
= I 

E Hr al 

1 

z af : 
=} ! 

~ = 
ro) 

re) l l i i i i 
| 2 3 a 5 6 
TIME IN HOURS 


Fig. 6. Specific activities of the formaldehyde obtained on direct periodate oxids- 
tion of hydrolysates of liver phosphatides (@) and triglycerides (O). All the con- 


ditions were as in Table I. The counts were normalized to 1 X 10® c.p.m. adminis- 
tered. 
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An attempt was made to calculate the randomization of activity in the 
barium glycerophosphate from the phosphatide by using the values for the 
whole molecule, obtained by combustion, and those of the a-carbons. The 
differences fell within the counting error, and no figure could be assigned. 


TaBLe IV 
Specific Activity of Liver Fatty Acids and Unsaponifiable Fractions after 
Administration of Approximately 1 mm a-C'4-Glycerol 
The conditions are the same as in Table I. 





Neutral fat Phosphatide 
Time = 

Unsaponifiable fractions Fatty acids Fatty acids 

hrs. c.p.m. per mg. c.p.m. per mg. c.p.m. per mg. 
i 0.3 0.3 1.4 
rt 16.5 9.3 2.6 
1 2.1 6.8 1.8 
2 1.8 2.6 1.8 
4 3.3 2.6 2.4 
6 i Y 0.9 1.0 


TABLE V 
Incorporation of C'* into Lipides of Liver and Extrahepatic Tissues 6 Hours after 
Administration of C'4-Glycerol 
In all cases the counts have been normalized to 1 X 10° counts administered, and 
liver lipide then arbitrarily set at 100. 





Tissue Lipide Cae 
c.p.m. per mg. per cent 
ME ed vce ck ae a ae 100 5.9 
ee cee a's 6 Boa | 13 0.26 
Kidney. rae GOED toe 13 | 0.16 
Spleen... . Pe Sey aT 12 0.06 
NE, Sra SiteS Ltt Nay ceekem wed 10 
I goon hace ils ania tatiana ales Rae | 10 | 0.07 
ES eee ee ee eee eS” | 9 0.09 
Stomach :eunletiogs 6 | 0.05 
Mesenteric fat. LOR AN. | 3 0.09 
Testes........ ¥ vs See oo eee 3 | 0.07 
a SP a uid au oasis Sas | 2 | 0.04 
DE Be did cama s-5 5 eh ay ebenes S | 1 0.16 
Fanoreas......... 0 
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The randomization is, however, of the same order as that in the neutral 
fat glycerol. 

The data of Table III and the low degree of randomization suggest that 
Fig. 6 represents a reliable picture of changes in neutral fat and phosphs- 
tide glycerol activities. At the time of peak incorporation, about 20 per 
cent of triglyceride and 7 per cent of phosphatide glycerol a-carbons were 
derived from the a-carbons of administered glycerol. The fact that the 
curves of Fig. 6 do not satisfy the precursor-product criteria of Zilversmit 
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Fic. 7. The percentage of administered counts in different metabolites at various 

time intervals. The CO: values and the counts of organ lipides (other than liver), 

_ urine, feces, protein, ‘‘water-soluble substances,” skin, and hair, and carcass lipides 
are from one typical animal. All other data are the means of two to six animals. 


et al. (33) might indicate that phosphatide glycerol and neutral fat glycerol 
are independently derived from the administered free C'*-glycerol (cf. (34)). 

The fatty acids and unsaponifiable material of the liver lipides were also 
counted. The data appear in Table IV. There appeared to be maximal 
activity in the three fractions at 30 minutes. The specific activities of the 
neutral fat fatty acids were slightly higher than the activities of the phos- 
phatide fatty acids, a finding in keeping with the results of Pihl and Bloch 
(35). 

Incorporation of C'*-Glycerol into Extrahepatic Lipides—Table V shows 
the specific activities of lipides from various tissues. In lipides from extra- 
hepatic tissues the phosphatide fractions were 3 to 5 times as active as the 
neutral fats. 
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Radioactivity Balance 


In the case of one rat killed 6 hours after injection of C**-glycerol, an 
attempt was made to strike a radioactivity balance, even though the experi- 
ment had not been specifically designed for the purpose. The results ap- 
pear in Fig. 7. It will be noted that approximately 80 per cent of the ac- 
tivity was recovered, even though the “water-soluble fraction” of the liver 
and other organs (containing amino acids, carbohydrate intermediates, 
etc.) was not obtained, since these organs were used for isolation of glycogen 
and lipides. This fraction probably constituted an important percentage 
of counts, as did the same fraction obtained from the carcass. Fig. 7 also 
serves to summarize the disposition of radioglycerol carbon in different 
fractions at various time intervals after administration. 


SUMMARY 


1. The metabolism of C'*-glycerol in the intact rat has been studied with 
the aid of a-C- and 6-C"-glycerol. 

2. Insignificant differences were found when the glycerol was given in- 
traperitoneally, intragastrically, or intravenously. 

3. From 30 to 238 mg. of glycerol administered, an approximately con- 
stant proportion was converted to COs». 

4. As a result of glycerol administration, there were net syntheses of 
blood glucose and liver glycogen. 70 to 100 per cent of the new glucose 
was derived directly from glycerol, whereas only 15 to 39 per cent of the 
glycogen was newly formed from glycerol. 

5. The specific activity-time curve of blood lipides paralleled that of liver 
lipides; however, the C™ content of the latter lipides was several times as 
great. 

6. Liver triglyceride glycerol rapidly reached a specific activity about 3 
times that of phosphatide glycerol, and declined in activity much more 
rapidly than the latter. Randomization of activity was low. 

7. Activity was found in the lipides of most tissues examined. It is of 
interest that brain lipides were rather active. 
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THE METABOLISM OF 1-LYSINE-6-C™* 
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The intermediary metabolism of lysine has been the subject of consider- 
able speculation, but no definitive picture of its catabolism has been ob- 
tained. Dakin (1) in 1913 found that lysine is not a glucose or ketone 
body former in phlorizinized dogs, and this has been supported by more 
recent findings (2,3). Ringer et al. (4), in 1913, proposed glutaric acid as a 
lysine metabolite, as it too did not form acetoacetate or glucose. In 1944 
Neuberger and Sanger (5) again proposed glutaric acid as a product of ly- 
sine metabolism, suggesting a-aminoadipic acid or 6-aminovaleric acid as a 
probable intermediate. More recently, Borsook and coworkers (6) using 
lysine-6-C™ indicated that lysine forms a-aminoadipic acid in guinea pig 
liver homogenate and that this in turn forms glutaric acid (7). 

Miller and Bale (8)! using lysine-6-C™ described evidence for the direct 
conversion of lysine to glutamic acid. This reaction had been missed by 
the previous workers, who had assumed that such a conversion would in- 
volve the loss of the radioactive e-carbon during transformation to a 
j-carbon intermediate. Further evidence by Altman et al. (9) on the prob- 
able conversion of lysine to a-ketoglutaric acid added weight to the con- 
tention that lysine may in part be directly converted to glutamic acid. 

Other work has shown that lysine does not undergo reversible deamina- 
tion (10), but, under certain dietary conditions, forms an unidentified keto 
acid (11), possibly e-amino-a-ketocaproic acid. 

It is the purpose of this paper to clarify some aspects of the main path- 
ways by which lysine is metabolized. In this respect, evidence will be 
presented to show the conversion of lysine in rats to glutaric acid, a-keto- 
glutaric acid, and glucose, and the pathways involved will be discussed. 


EXPERIMENTAL 


pi-Lysine-6-C“ and pti-a-Aminoadipic Acid-6-C—These compounds 
were synthesized by the method of Rothstein and Claus (12), and had an 
activity of 0.87 me. per gm. 


*This work was supported jointly by the United States Atomic Energy Com- 
mission under contract with the University of Rochester, W-7401-eng-49, and the 
Office of Naval Research. 


‘Miller, L. L., and Bale, W. F., in preparation. 
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Glutaric Acid-1 ,5-C'“—This compound was prepared as previously de. 
scribed (13). 

L-Lysine-6-C'\—pi-Lysine-6-C" was resolved by modifying the proce. 
dure of Kearley and Ingersoll (14) to adapt it to small scale preparation 
and to minimize the handling of radioactive compounds. 

2.00 gm. of 3 ,5-dibromo-N-acetyl-L-tyrosine were dissolved in a hot mix. 
ture of 5 ml. of water, 5 ml. of methanol, and 0.32 ml. of concentrated 
NH,OH in a30 ml. beaker. To this hot solution 1.87 gm. of pt-lysine-6-(# 
monohydrochloride were carefully added with stirring until solution was 
complete. The mixture was then placed in a refrigerator for 4 hours, and 
the resulting white crystalline L-lysine-L-tyrosine salt was filtered with the 
aid of a little cold methanol. Once filtration had begun, the filtrate was 
successively used to complete the transfer. The solid was washed finally 
with cold methanol, and the combined washings and filtrate were saved for 
subsequent racemization of the p-lysine and unchanged L-lysine. It was 
found unnecessary to purify the salt further; it was then washed through 
the filter with water. The filtrate was acidified with hydrochloric acid 
(total volume 40 ml.), and the resulting mixture was allowed to stand in 
the refrigerator for 2 days and then filtered. The filtrate was distilled in 
vacuo to about 5 ml. and filtered, the flask being rinsed with a little ice 
water. This procedure allows the removal of a small residuum of dibromo- 
acetyltyrosine. 

The filtrate was distilled to dryness in vacuo and the residue converted 
to L-lysine monohydrochloride by the usual methods (15). The yield was 
0.564 gm. or 60 per cent. The material was recrystallized once and had 
[a]?> +18.8° in 0.6 N HCl (c = 1); reported +18.7° (14). 

Isolation of Glutarate Derived from u-Lysine-6-C'*—Male Sprague-Dawley 
or Wistar rats, weighing about 350 gm., were fasted 24 hours and then given 
intraperitoneally a solution of 500 mg. of glutaric acid and 6.4 mg. of 1- 

‘lysine-6-C" monohydrochloride. The solution was neutralized with so- 
dium hydroxide and filtered before injection, the total volume being made 
up to6 to 7 ml. Urine was collected for 10 hours and filtered and the al- 
kaline solution extracted continuously with ether for 8 hours after dilution 
to about 50 ml. The aqueous solution was then acidified with H.SO, and 
extraction continued for 24 hours with fresh ether. The ether extract of 
the acid solution was dried with anhydrous Na»SO,, filtered, and evaporated. 
The residue was steam-distilled to remove volatile impurities, treated 
with Norit, and distilled to dryness. Two recrystallizations of the residue 
from benzene yielded 53 mg. of white crystals; m.p. 90-91°. The material 
was converted to the piperazine salt, which was recrystallized from ethanol- 
acetone, and the free glutaric acid recovered (13). Recrystallized from 
benzene, it melted at 93-94.5°. A portion of this material was assayed 
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for C“ activity. The remainder was diluted with a known amount of 
inert glutaric acid, recrystallized, and assayed; m.p. 96-97°. Both assays 
showed the same specific activity. 

Isolation of Glutarate Derived from pi-a-Aminoadipic Acid-6-C'\—The pro- 
cedure was carried out as described above, except that DL-a-aminoadipic 
acid-6-C (9.45 mg.) was injected in place of the lysine and the pipera- 
zine salt procedure was eliminated. The diluted glutaric acid melted at 
97.5°. 

Isolation of a-Ketoglutarate and Acetate Derived from pvu-Lysine-6-C4%—A 
male Sprague-Dawley rat, fasted for 24 hours, was given 300 mg. of phenyl- 
aminobutyric acid as the sodium salt by stomach tube. Then an aqueous 
solution of 500 mg. of a-ketoglutaric acid and 11.5 mg. of pt-lysine-6-C" 
monohydrochloride was neutralized with sodium hydroxide, filtered, and 
injected intraperitoneally. The total volume was 6 to 7 ml. The urine 
was collected for 10 hours, filtered, diluted, made basic with sodium hy- 
droxide, and continuously extracted with ether for 8 hours. The aqueous 
solution was then acidified with sulfuric acid and extracted continuously 
for 24 hours with ether. The ether extract was dried over anhydrous so- 
dium sulfate, filtered, and evaporated. The residue was dissolved in 5 
ml. of water, treated with Norit, and filtered. The solution was seeded 
with authentic L-acetamidophenylbutyric acid and placed in a refrigerator 
overnight. The resulting fine needles were filtered and recrystallized twice 
from water containing 4 to 5 mg. of inert a-ketoglutaric acid. The material 
melted at 179-180° and was assayed for radioactivity. 

The supernatant fluid from the original acetamidophenylbutyric acid 
crystallization was treated with an excess of 2 ,4-dinitrophenylhydrazine 
in 2 n hydrochloric acid, and the resulting 2 ,4-dinitrophenylhydrazone of 
a-ketoglutaric acid was recrystallized repeatedly from 10 per cent ethanol 
and ethyl acetate-chloroform until constant specific activity was obtained; 
mp. 223-224°. 

Isolation of a-Ketoglutarate and Acetate Derived from Glutaric Acid-1 ,5- 
(“—The procedure was the same as that outlined above, except that 29.7 
mg. of glutaric acid-1 ,5-C™ were used in place of pt-lysine-6-C"“. A paper 
chromatogram (16) of the dinitrophenylhydrazone of one sample prepared 
in this way showed only one spot, corresponding exactly with the same de- 
rivative of authentic a-ketoglutaric acid. 

Isolation of 6-Aminovaleric Acid Derived from u-Lysine-6-C“—A male 
Sprague-Dawley or Wistar rat, fasted for 24 hours, was injected intraperi- 
toneally with a neutralized solution containing 500 mg. of 5-aminovaleric 
acid hydrochloride and 6.4 mg. of L-lysine-6-C" monohydrochloride. In 
one case, 50 mg. of inert L-lysine were added along with the lysine-6-C™. 
The 16 hour urine sample was filtered and diluted to 100 ml. About 4 
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mg. of inert L-lysine monohydrochloride were added to the diluted urine, 
and the urine was then passed consecutively through Amberlite IR-4 and 
IRC-50. The effluent was vacuum-distilled to about 40 ml. A paper chro. 
matogram (collidine-lutidine-water) indicated the presence of 6-aminoyal. 
eric acid and a trace of one other ninhydrin-positive material with an R, 
value twice that of the aminovalerate. The solution was further evapo. 
rated to about 25 ml. and treated with sodium hydroxide and benzoyl 
chloride. After acidification the mixture was allowed to stand in the cold 
overnight and filtered. The white crystalline residue was dried and dig. 
solved in hot benzene. Low boiling petroleum ether (b.p. 35-60°) was 
added to precipitate 6-benzamidovalerate, and the resulting mixture was 
cooled for 2 hours, filtered, and the residue washed with low boiling petro. 
leum ether. The residue was purified by recrystallization from hot benzene 
or benzene and petroleum ether. The yield varied in the various exper- 
ments between 36 and 72 mg. of pure material; m.p. 107°; reported, 105- 
106° (17). In the experiment in which extra L-lysine was administered 
(Table II, Experiment 10), a sample of the benzamidovalerate was saved, 
and the remainder was recrystallized once more from benzene. Assay of 
both samples showed that they had the same specific activity. 

5-Benzenesulfonamidovaleric Acid—Part of one of the ion exchange efflu- 
ents above was made alkaline with sodium hydroxide and warmed for | 
hour with benzenesulfony] fluoride? with occasional shaking. On acidifi- 
cation and cooling for 3 hours, colorless platelets were obtained. This ma- 
terial was recrystallized successively from water, benzene, and then water; 
m.p. 96.5-97°. A mixed melting point with material similarly prepared 
from authentic 6-aminovaleric acid showed no depression. Both this and 
the benzamido derivative from the same urine showed a net activity not 
exceeding 80 per cent of the background value. 

Isolation of Formate Derived from L-Lysine-6-C'—The procedure used was 
‘that of Weinhouse and Friedmann (18), except that 7.2 mm of formate were 
injected and 2.9 mm were recovered from the urine. 

Glucose Isolation and Degradation—Phlorizinized male Wistar rats, fasted 
for 24 hours, were given small amounts of pL-lysine-6-C"“ by stomach tube, 
along with 250 mg. of inert L-lysine. Urines were collected for 24 hours. 
Glucose solutions were obtained by passing the filtered, diluted urines con- 
secutively through Amberlite IR-4 and IRC-50 and concentrating the 
effluent. Degradations were carried out by the following procedures: 
carbons 1, 2, 3, and carbon 6, by periodate degradation of glucose phenyl- 
osazone (19); carbons 1,2,5,6 and 3,4 by bacterial degradation to lactate 
and subsequent oxidation to acetaldehyde and carbon dioxide (20). The 
acetaldehyde was isolated both as the dimedon and 2 ,4-dinitrophenylhy- 


? Pennsylvania Salt Manufacturing Company, Philadelphia 18, Pennsylvania. 
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drazone derivatives. Both derivatives were purified by three recrystal- 
izations. The latter showed only one spot on a paper chromatogram. 
Carbon 1 was obtained by hydrobromic acid degradation of glucose to 
formic acid and levulinic acid (21), followed by oxidation of the formate 
to carbon dioxide with mercuric sulfate. 

Acetoacetic Acid—This was present in the urine of phlorizinized rats after 
administration of pi-lysine-6-C“ and 250 mg. of inert L-lysine, and was 
degraded without isolation by appropriate techniques (22). 

Hippuric Acid—pu-Lysine-6-C™ and sodium benzoate (350 mg.) were 
added to the food of a rat fasted 24 hours. The hippuric acid was isolated 
by standard procedures (23) and assayed for radioactivity. 


TABLE [ 


Expiration of CO. after Administration of pu-Lysine-6-C™ to Phlorizinized Rats 
Fasted 24 Hours 


Per cent dose of t-lysine-6-C™ expiredt 
Experiment No.* a , biel 4 
0-2 hrs. 2-4 hrs. 4-6 hrs. 6-8 hrs. Total 


1 | 4.96 13.38 15.38 8.34 42.06 
2 4.56 12.84 . aa) 39.30 


* Substrate, 1.5 mg. of pt-lysine-6-C" + 300 mg. of L-lysine. 

t Based on t-lysine-6-C', the dose contained 920 X 10* disintegrations per min- 
ute per millimole. p-Lysine-6-C" does not contribute significantly to expired C'O, 
(Rothstein, M., Bly, C. G., and Miller, L. L., unpublished results). 


Expired Carbon Dioxide—This was collected and assayed as described 
previously (13) after administration of pL-lysine-6-C™ plus 300 mg. of inert 
L-lysine by stomach tube to male Wistar rats fasted 24 hours. 

Radioactivity Assays—These were carried out after wet combustion by 
the procedure previously reported (13). 


RESULTS AND DISCUSSION 


From Table I it can be seen that the maximal rate of C'O, expiration is 
reached between 4 and 6 hours. This is relatively slow and is probably due 
to the large amount of L-lysine administered. By comparison, the maximal 
C“O, output by the isolated perfused liver is attained in 1 to 2 hours (24). 

Table II summarizes the principal results of the experiments performed 
to evaluate the radioactivity of specific catabolites of various radioactive 
precursors. 

Some discussion of the technique used in most of the experiments in 
Table II is in order. The procedure is an extension of the ‘trapping tech- 
nique” as exemplified by Weinhouse and Friedmann (18) and makes use of 
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several isolated observations that many metabolites, when administered 
to animals in large doses, are excreted in significant amount in the urine 
unchanged. The assumption that the injected compound is equilibrated 


TABLE II 
Radioactivities of Isolated Metabolites Derived from Radioactive Compounds 
Administered to Rats 


Experi- Radioactive compound —— . os Specific activity of 
= ; odnlalsiased Dose* adminis- Catabolite isolated isolated catabohtet 
tered 
mg 3 
3 pL-Lysine-6-C™ 8,990t 500 a-Ketoglutarate§ 15,000 
4 ‘ 8,990; 350]) | ‘“‘Acetate’’™ 12,700 
5 - | 8,990t/ 500 | a-Ketoglutarate§ 4,640 
| 300]| | ‘‘Acetate’’q 1,670 
6 | Glutaric acid-1,5-| 10,200 | 500 | a-Ketoglutarate§ 110,000 
| Cu | 350|| | “Acetate” 73,500 
7 | u-Lysine-6-C™ 9,750 | 500 | Glutarate 64,500 
8 DL-a-Aminoadi- | 14,400 | 500 - 201,000 
pie acid-6-C!4 | 
9 | L-Lysine-6-C' 9,750 | 500 6-Aminovalerate**, Not significant 
10 | " 9,750 | 500 " we 1,090 
11 pui-Lysine-6-C'* | 7,930 | 300] Acetate § 3,140 
| | Glucose 5,510 
” | 8,990¢| 332 | Formate 339 
| ee 7.930f| 350tt | Glycinett (530) §§ 


In Experiment 10, 50 mg. of inert L-lysine monohydrochloride were added. In 
Experiments 11 and 13, pL-lysine-6-C' was administered in the food. This method 
of administration always led to reduced activities in isolated glucose and acetate. 

* Disintegrations per minute X 10-3. 

+ Disintegrations per minute per millimole. 

_ } Based on L-lysine-6-C™. p-Lysine is known not to form metabolites converti- 
ble to C¥O: in the rat (Rothstein, M., Bly, C. G., and Miller, L. L., unpublished 
results). 

§ Isolated as the 2,4-dinitrophenylhydrazone. 

|| y-Phenylaminobutyrie acid. 

{ Isolated as phenylacetamidobutyric acid. 

** Isolated as the N-benzoyl or N-benzenesulfonyl derivative. 

tt Benzoic acid fed. 

tt Isolated as hippuric acid. 

§§ Too low for accurate measurement. The actual measurement observed for 
the sample was 40 per cent of background. 


in some measure with similar biologically formed material is borne out by 
the finding that large doses of some non-radioactive metabolites, after 
being partly excreted in the urine, were found to be radioactive. It is 
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therefore reasonable to assume that some “sampling” of the biologically 
formed material does take place. In practice, because the related com- 
pounds in question are distributed throughout a heterogeneous system of 
numerous compartments by processes with a variety of unknown equili- 
brium and reaction constants, it is impossible to draw more than presump- 
tive qualitative conclusions concerning the directness of conversion of a 
radioactive compound to another metabolite. It is possible that some 
compounds do not equilibrate well, and hence negative results (7.e., no or 
little activity in the isolated metabolite) are not necessarily significant. 

Table II presents evidence for the conversion of lysine-6-C“ to radioac- 
tive a-ketoglutaric acid. Because of the limitations imposed by the un- 
known factors mentioned above, it can be concluded only presumptively 
that the carbon chain of lysine-6-C™ is converted to radioactive a-keto- 
glutaric acid more directly than via conversion to “acetate.” Further- 
more, the carboxy-labeled ketoglutaric acid formed here should not lead 
to carboxy-labeled radioactive acetate in significant amount. Thus it be- 
comes apparent that lysine may yield both acetate and a-ketoglutarate 
by independent pathways. Examination of the metabolism of glutaric 
acid-1 ,5-C™ has previously (13) indicated that this compound forms ace- 
tate, and that it also probably formed some pyruvate-1-C", possibly by 
way of carboxy-labeled a-ketoglutarate. Experiment 6 (Table II) strongly 
supports the view that this is indeed the case, glutaric acid being directly 
converted to a-ketoglutaric acid, and, as in the case of lysine, also forming 
an acetate fragment with the same order of activity as that of the keto 
acid. 

It should be pointed out that the conversion of glutarate to a-ketogluta- 
rate is a newly discovered biochemical oxidation. It may well involve 
a,8 dehydrogenation to form glutaconic acid, with subsequent addition of 
the elements of water to form a-hydroxyglutarate. This latter compound 
has been shown to be oxidized to a-ketoglutarate in many animal tissues 
(25). This oxidation as a whole may thus be analogous to the succinate- 
fumarate-malate system. 

Glutaric acid is very likely the common precursor of both the a-keto- 
glutarate and acetate derived from lysine, a view in keeping with the finding 
of Borsook and coworkers that glutarate is a product of lysine metabolism 
in guinea pig liver homogenate (7). Although the radioactivity and con- 
version figures obtained with their preparations were exceedingly low, the 
metabolism in vivo of both lysine-6-C" and a-aminoadipic acid-6-C™ in our 
experiments results in the isolation of highly radioactive glutarate in spite 
of the large dilution of the latter compound with injected material. Thus, 
while we have not yet demonstrated the conversion of lysine to a-amino- 
adipic acid, it seems safe to assume that this too probably occurs in vivo. 
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Our experiments favor the pathway, lysine — a-aminoadipate — glutarate 
— a-ketoglutarate + acetate, the a-aminoadipic acid going through e. 
ketoadipic acid to glutarate, as indicated by Borsook et al. (7). Additional 
indirect evidence for the conversion of lysine to a-ketoglutarate and acetate 
by pathways such as those outlined above is found in the fact that, as was 
the case with glutaric acid-1 ,5-C™ (13), the isolated radioacetate could not 
alone account for the specific activity of the isolated glucose (Table II, 
Experiment 11). The second source of glucose activity is probably car. 
boxy-labeled a-ketoglutarate directly derived from glutarate. 

The above evidence for the conversion of lysine to a-ketoglutarate con- 
firms the observation of Altman et al. (9) that lysine in its conversion to 
hemin probably passes through a 5-carbon intermediate identical with a- 
ketoglutarate. It also confirms the findings of Miller and Bale! (8) that 
lysine is, at least in part, converted directly to glutamic acid. 

The suggestion of Neuberger and Sanger (5) that lysine might form é- 
aminovaleric acid warranted investigation in view of the finding of Waelsch 
and Miller (11) that excess lysine fed to rats resulted in urinary excretion 
of an unidentified keto acid. If this acid were the a-keto analogue of lysine, 
the compound would not be reaminated (10), but one might expect it to be 
decarboxylated to produce 6-aminovaleric acid. Further evidence indica- 
ting that 5-aminovalerate might play a part in the intermediary metabolism 
of lysine is found in the fact that it is transaminated with a-ketoglutaric 
by mouse liver acetone powders and brain preparations’ at about the same 
rate as 6-alanine and y-aminobutyric acid (26). 6-Aminovalerate could 
form glutaric acid in this way. However, our experiments with large doses 
did not yield significantly radioactive 5-aminovalerate from lysine, except 
when a large excess of L-lysine was given concomitantly (Table II, Experi- 
ment 10). In this experiment, a small but significant activity was obtained 
in the isolated 5-aminovalerate. This suggests that the lysine— keto acid— 
6-aminovalerate reaction may be of a secondary nature, being brought into 
play only if there is a large excess of lysine present. On the basis of the 
limited observations available, the réle of 6-aminovaleric acid in lysine 
metabolism cannot yet be clearly defined. 

Although lysine is not glucogenic in the classical sense, Table III shows 
that there is some conversion of lysine-6-C" to glucose. The actual per- 
centage conversion is not large and appears to vary with the degree of glu- 
cose excretion. This conversion, and that to acetoacetate (Table ITI), is 
to be expected from the biological conversion to glutaric acid and the known 
metabolism of the latter (13). 

It is to be expected that the radioactivity of the glucose would be in car- 
bon atoms 3 and 4, since it would be derived from carboxy-labeled glutarate 


’ Dr. Eugene Roberts, private communication. 
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(13). Examination of Table IV shows that 85 per cent of the isotope is 
indeed in these carbons. 

The remaining 15 per cent of the C is not distributed equally between 
carbons 1,6 and 2,5. From Table IV it can be seen that the values for 


TaBLe III 


Conversion of Lysine-6-C™ to Glucose and Acetoacetate in Phlorizinized Rats 


—— — Acetoacetate | Glucose Glucose Per cent conversion of 
Experiment No. os (COOH)t isolated activityt lysine to glucose 
mg. Wel 
14 917 1520 | 550 8,000 1.33 
15 917 250 6,750 0.51 
16 6030 2370 1250 | 30,600 | ii 


* Disintegrations per minute X 10-%; based on t-lysine-6-C™. 250 mg. of inert 
L-lysine monohydrochloride were mixed with the radioactive pi-lysine (1.5 mg. in 
Experiments 14 and 15, and 98.8 mg. in Experiment 16). 

¢ Disintegrations per minute per millimole. 





TaBLE IV 
Distribution of C'* in Carbon Atoms of Glucose Derived from Lysine-6-C™ 


Per cent activity of entire glucose molecule 


Experiment No. : a Ww - 7 


Carbons Carbons Carbons Carbon Carbon 
1,23 | 1,2,5,6° 3, 4° 1 6 
: ra a “ 
16 51.0 | 4.5 
17 48.4 6.75 
18 14.6 85.4 
19 14.9 | 85.1 5.47 


* The values for carbons 1, 2, 5, and 6 were obtained from the dimedon and 2,4- 
dinitrophenylhydrazone derivatives of the acetaldehyde derived from the per- 
manganate oxidation of lactic acid. The values found for carbons 3 and 4 by this 
procedure were approximately 10 per cent lower than the calculated values, indicat- 
ing that some dilution of the carbon dioxide had occurred. 

t By subtraction of carbons 1, 2, 5, and 6 from the total activity of the glucose. 


carbons 1,6 are 9, 13.5, and 11 per cent of the total molecule respectively 
(obtained by doubling the figure for carbon 1 or 6). It is thus evident 
that carbons 1 and 6 contain more C" than carbons 2 and 5 in a ratio ap- 
proximating 2:1. Consideration of the transfer of 3 per cent of the ac- 
tivity of carbons 3 ,4 to 1,6 and vice versa during the bacterial degradation 
of glucose (27) reduces the value of carbons 1,2,5,6 from 15 to 13 per 
cent of the total glucose activity, the disparity between carbons 1,6 and 
2,5 becoming even more marked. The distribution observed is very 
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similar to the labeling found in glucose obtained from rats injected intra. 
peritoneally with formate-C" (28). For this reason an-experiment was 
performed in which formate was isolated from the urine of a rat. after ad. 
ministration of lysine-6-C" (Table II). The activity found was 339 dis. 
integrations per minute per millimole. The usual activity of glucose igo. 
lated from the urine of a phlorizinized rat fasted 24 hours, given similar 
doses of lysine-6-C" by stomach tube, is in the vicinity of 30,000 to 45,000 
disintegrations per minute per millimole. Since we have estimated that 
13 per cent of this may be derived from formate, and carbons 1, 2, 5, and 
6 are equivalent to four formates, the estimated activity of a glucose carbon 
atom derivable from formate becomes 975 to 1460 disintegrations per min- 
ute per millimole. This could be provided by formate having a radioae- 
tivity in the range of that isolated, when allowance is made for the large 
dilution of activity caused by the injection of 7.2 mm of extra formate, 

The experimental evidence described in this and other reports indicates 
the metabolic pathways for lysine-6-C“ illustrated in the accompanying 
scheme. 


COOH COOH 


| | 


CHNH, CHNH, COOH COOH 
; | 


| 
CH: CH: CH, —-— 
| / 
| | | | J 
CH, — CH, — CH, — CH, _ Glutamie acid 
| | | | \ 
: ig ae = 3,4-C"-Glucose 
CH: , COOH COOH COOH ‘ 
| \' a * y, 
| - ¥ 4 a ‘ ‘ 
NH; H:NCH.CH,CH.CH.COOH\, > CHsCOOH 
O 
H, | 2/7 
_— ‘4 CH,CCH.COOH 
1,2,5,6-C'-glucose 
SUMMARY 


1. An isotope-trapping technique has been used in rats which permits 
the identification of specific catabolites from radioactive precursors. 

2. By this technique, evidence for the following conversions in vivo has 
been obtained in the rat: lysine to glutaric acid, a-aminoadipic acid to 
glutaric acid, glutaric acid to a-ketoglutaric acid plus acetate, and lysine to 
a-ketoglutaric acid plus acetate. In addition, a lesser conversion of lysine- 
6-C" to formate takes place. 

3. Interpretation of these and other experimental results supports the 
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conclusion that lysine is metabolized in vivo as follows: lysine — a-amino- 
adipate — glutarate — a-ketoglutarate + acetate. The latter compounds 
vield 3 ,4-labeled glucose. 


4, Formate-C™ derived from lysine-6-C" is probably responsible for the 


small amount of isotope found in carbons 1, 2, 5, and 6 of glucose derived 
from lysine-6-C™ in phlorizinized rats. 
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PYRIDINE NUCLEOTIDE-QUINONE REDUCTASE 


I. PURIFICATION AND PROPERTIES OF THE ENZYME 
FROM PEA SEEDS* 
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Baltimore, Maryland) 
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Terminal oxidases such as polyphenol oxidase (tyrosinase), laccase, and 
other phenolases which are capable of catalyzing the oxidation of phenols 
and related compounds to their corresponding quinones are widely dis- 
tributed in nature (1). A hundred or more derivatives of benzoquinone 
and naphthoquinone have been described as naturally occurring products 
(2,3). The function of most of these substances has not yet been clarified. 
It seems likely that the biochemical réle of many quinones might be asso- 
ciated with one of their properties which is unusual among organic mole- 
cules; viz., the great ease with which these substances undergo reversible 
oxidation and reduction. Thus, some of the quinones might function, as 
Raistrick (4) has suggested, as respiratory catalysts. This view is further 
supported by the fact that, in nature, the oxidized and reduced forms are 
often found together. 

The means for regenerating the reduced form of these substances, in order 
that they might function catalytically, however, has not been clearly 
elucidated. Kubowitz (5) was able to reduce o-quinone to catechol by 
means of a crude yeast glucose-6-phosphate dehydrogenase system. How- 
ever, his experiments did not indicate whether the o-quinone was en- 
zymatically or non-enzymatically reduced by the TPNH! generated by the 
glucose-6-phosphate dehydrogenase. It is also known that ascorbic acid 
instantaneously reduces quinones; this chemical reaction has been postu- 
lated as a mechanism for maintaining the quinones in the reduced state 
within the organism (1). 

This paper deals with the purification and properties of a pyridine nu- 

* This investigation was supported in part by a research grant (No. 2332) from the 
National Institutes of Health, United States Public Health Service. 
No. 58 of the McCollum-Pratt Institute. 

t A. T. Bruce Predoctoral Fellow, 1952-53. 

' The following abbreviations are used: TPN and TPNH, unreduced and reduced 
triphosphopyridine nucleotide, respectively; DPN and DPNH, unreduced and re- 
duced diphosphopyridine nucleotide, respectively; DPNase, diphosphopyridine 


nucleotidase; FAD, flavin-adenine dinucleotide; FMN, flavin mononucleotide or 
riboflavin phosphate. 
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cleotide-quinone reductase obtained from soaked pea seeds (Pisum sativum) 
already reported from this laboratory (6). 


Materials and Methods 
Preparation of Cell-Free Extracts 


Cell-free extracts were prepared from dried pea seeds, P. sativum var. 
Laxton’s Progress, purchased from the Stebbins-Anderson Company, Toy- 
son, Maryland. The peas were soaked in tap water at room temperature 
for about 20 hours and blended with an approximately equal volume of 
cold 0.1 m phosphate buffer, pH 7.5, in a Waring blendor for 14 minutes 
at 4°. The blend was pressed by hand through four layers of cheese-cloth 
in order to remove the coarse material, and the fluid was then centrifuged 
at 3000 x g for 20 minutes at 4°. The turbid supernatant solution was 
used as the crude extract as well as for further purification. 


Cofactors and Other Substances 


DPN of 65 and 90 per cent purity and TPN of 80 per cent purity were 
obtained from the Sigma Chemical Company. The DPNH and desamino 
DPNH were prepared enzymatically as described elsewhere (7). TPNH 
was prepared enzymatically as described earlier (8) by use of the pig heart 
isocitric enzyme, as well as chemically by reduction with hydrosulfite (9), 
FAD and cytochrome c were obtained from the Sigma Chemical Company, 
and FMN from the Nutritional Biochemicals Corporation. A boiled pig 
heart extract, used as a source of cofactors, was prepared from acetone- 
dried pig heart powder, by heating at 100° for 5 minutes, followed by cen- 
trifugation (8). 

The various quinones and naphthoquinones, and their derivatives, were 
purchased from the Eastman Kodak Company, unless otherwise indicated. 
_ The p-quinone which served as the main substrate was sublimed and used 
to make up stock solutions containing 3 um per ml. The solutions were 
stored at —15° and were protected with aluminum foil in order to prevent 
photochemical reduction of the p-quinone (10). After thawing, each tube 
of stock solution was used for not longer than 8 hours and discarded. 


Determination of Activity 


Quinone reductase activity was measured at 25° in a Beckman model DU 
spectrophotometer by following the oxidation of reduced pyridine nucleo- 
tide as indicated by the decrease in optical density at 340 mp. Fig. 1 shows 
that neither hydroquinone nor quinone exhibits any absorption at this 
wave-length. The reaction was started by the addition of 0.15 ml. (0.45 
uM) of p-quinone solution to a mixture containing 2.7 ml. of 0.1 m phosphate 
buffer, pH 6.5, 0.3 um of enzymatically reduced DPNH, and quinone re 
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im) ductase to give a final volume of 3.0 ml. After addition of the substrate, 
the decrease in optical density was measured at 30 second intervals for the 
first 3 minutes. The course of the reaction has also been followed to a 
limited extent by observing the increase in optical density at 290 my re- 
sulting from the formation of hydroquinone. The validity of such a pro- 
var, | cedure is indicated by the absorption spectra in Fig. 1. There is also a 
‘OW. non-enzymatic oxidation of DPNH by p-quinone which proceeds at a rate 
ture | dependent upon the concentrations of the reactants. The non-enzymatic 
e of rate was also determined spectrophotometrically at 340 my as above, except 
utes 
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Fic. 1. Absorption spectra of DPNH, DPN, quinone, and hydroquinone. 0.3 
were um of each substance in a total volume of 3 ml. in each test. 
ated. 
used | that the enzyme was omitted from the reaction mixture. The reaction 
were } proceeds at the same rate aerobically and anaerobically. 
event Fig. 2, A illustrates that quinone reductase, which is heat-labile, signifi- 
tube | cantly catalyzes the oxidation rate of DPNH by p-quinone over that of 
3 the non-enzymatic reaction, and that the rate of oxidation of DPNH is 
directly proportional to the enzyme concentration (Fig. 2, B). 

1 unit of quinone reductase is defined as that amount of enzyme which 
results in a change in log [)/J of 0.001 per minute calculated from the 


change between the 15 and 45 second readings, corrected for the non-en- 
shows | zymatic rate. 


e] DU 
ucleo- 


t this The specific activity is expressed as units per mg. of protein. The pro- 
(0.45 | tein content of the various enzyme fractions was measured by the Folin 
phate | phenol reagent method of Lowry et al. (11). For most of these studies, 
ne re 


40 to 100 y of partially purified quinone reductase were used. 
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Hydroquinone Determination 


Hydroquinone was determined by a method already suggested (12). It 
is based upon the reduction by hydroquinone of ferric ions to ferrous ions 
which in turn react with added o-phenanthroline to form a red colored 
complex. The intensity of this ferrous-o-phenanthroline color is directly 
proportional to the original amount of hydroquinone present. A reaction 
mixture containing 0.05 to 0.30 um of hydroquinone in a 3.0 ml. volume 
was treated with 0.6 ml. of 0.01 m FeCl;-6H.O. After 5 minutes incuba. 
tion at room temperature, 0.25 ml. of 0.2 m sodium pyrophosphate was 
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Fic. 2. A, comparison of enzymatic and non-enzymatic rate. Time-course of 
reactions shown in which the standard assay has been modified as follows: no en- 
zyme, boiled enzyme, 77 units of enzyme at the indicated time. B, proportionality 
of concentration of enzyme to DPNH oxidized. Standard conditions of assay as 


described under ‘‘Determination of activity.” 


added to clarify the opalescent solution resulting from the excess FeCl; 
To this was added 0.6 ml. of 0.01 m o-phenanthroline, the mixture inew 
bated for 30 minutes at 37° to insure maximal development of the red 
ferrous-o-phenanthroline complex, and the intensity of the color deter- 
mined in a Klett-Summerson colorimeter with a green filter (No. 54). 
Fig. 3 shows a typical standard curve obtained with the usual enzyme 
reaction mixtures in which DPNH and p-quinone have been replaced with 
DPN and increasing quantities of hydroquinone, respectively. The straight 
line relationship of such a curve establishes the reliability of the above 
hydroquinone assay procedure. DPN does not interfere in this reaction. 
In order to correct. for hydroquinone formation resulting from photochem- 
ical reduction of quinone and interaction with protein, controls containing 
all the components of the reaction other than DPNH were used. 
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Results 
Purification of Enzyme 


All steps of the purification were carried out at 0-4°; centrifugations were 
performed at approximately 3000 X g. 

In the following purification procedure, 72 ml. of calcium phosphate gel 
(13) (11 mg. of dry weight per ml.) were added to 90 ml. of crude extract 
(Fraction I). After standing for 10 minutes followed by a 7 minute cen- 
trifugation, the supernatant solution was treated with 63 ml. of calcium 
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Fic. 3. Hydroquinone standard curve. The 3 ml. reaction mixtures contained 
0.15 um of p-quinone, 0.10 um of DPN, 250 units of enzyme (0.15 mg. of protein), 0.1 
am phosphate buffer, pH 6.5, and hydroquinone as indicated. The assay for hydro- 
quinone is described in the text. 








0.30 


phosphate gel as above and the supernatant solution designated as Fraction 
II. The activity in Fraction II represents 97 per cent of the units of the 
crude starting material with a 4-fold purification. 

Fraction II was brought to 50 per cent saturation with solid ammonium 
sulfate. After standing for 15 minutes, followed by a 20 minute centrifu- 
gation, the supernatant solution was brought to 65 per cent saturation with 
ammonium sulfate and treated as above. The precipitate was suspended 
in cold 0.1 m phosphate buffer, pH 7.5, and brought to a volume of 10 ml. 
and designated as Fraction III. 

Fraction III was treated with two successive 1.0 ml. portions of alumina 
C gel (12.3 mg. per ml.) (14) for 10 minute periods, each followed by a 7 
minute centrifugation. The supernatant solution designated as Fraction 
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IV was used as partially purified quinone reductase. Table I, which gives 
a summary of this purification procedure, shows a 24-fold purification with 
a 30 per cent recovery of the total activity in the crude starting material, 
The range in purification of Fraction IV varied between 10- to 25-fold, 

In terms of turnover number, Fraction IV catalyzes the oxidation of ap. 
proximately 150 moles of DPNH per mole of protein per minute, assuming 
a molecular weight for the enzyme of 100,000. 

These purified preparations have been shown to be free of alcohol de. 
hydrogenase (15), DPN-cytochrome c reductase (16), diaphorase (17), 
nitrate reductase (8), and DPNase (18). 


TABLE I 


Summary of Purification of Quinone Reductase 








| Total units Total Specific | Per cent 


protein activity recovery 
| még. any pind 
Fraction I. Crude extract.....................} 850,000 7300 116 | 
“ II. Calcium phosphate supernatants.| 550,000 | 1460 380 | 65 
“ III. 50-65% ppt., ammonium sulfate.. 262,000 | 148 1770 | 31 
- IV. Alumina gel supernatants....... 244,000 88 2780 | 29 


Standard conditions of assay as described in the text. 


Stability of Enzyme 

The enzyme is most stable between pH 7.0 and 7.5, losing not more than 
20 per cent of its activity after 5 weeks at —15°. It is somewhat less 
stable at +4°, losing at least 50 per cent of its activity after 1 week. Qui- 
none reductase loses 95 per cent of its activity at 50° in 5 minutes. 

The enzyme withstands dialysis against 0.9 per cent KCl for 18 hours 
- at +4°, the longest period tried, retaining at least 90 per cent of its activity 
after such treatment. Overnight dialysis at +4° against 0.1 m phosphate 
at pH 6.5, 7.3, and 8.0 resulted in an inactivation of 44 per cent, 24 per 
cent, and 0 per cent, respectively. Overnight standing resulted in no ap- 
preciable inactivation at any of the above pH values. The loss of activity 
upon dialysis could not be restored by addition of boiled enzyme, boiled pig 
heart extract, FAD, or FMN (10~° o final concentration). 


Effect of pH 


The effect of pH on the enzymatic reaction, as well as on the non- 
enzymatic reaction, was determined by the use of various buffers of suit- 
able pH values. Fig. 4 indicates that the rate of quinone reductase action 
(corrected for the non-enzymatic rate) is maximal at pH 6.5, and that the 
non-enzymatic rate is not affected by hydrogen ion concentration. The 
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slight increase in rate observed below pH 6.0 can be attributed to acid de- 
struction of DPNH. Phosphate, acetate, and pyrophosphate buffers 
served equally well. Glycylglycine buffer was found to be unsatisfactory, 
owing presumably to a reaction with quinone. 


Reduced Pyridine Nucleotides as Electron Donors 


As shown in Fig. 5, the initial rate of the non-enzymatic oxidation of 
DPNH and TPNH by p-quinone is directly proportional to the concentra- 
tion of reduced pyridine nucleotide. Fig. 5 also indicates that the rate of 
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Fic. 4. Effect of pH. The standard assay was used with 62 units of enzyme in 
0.1 m buffer as indicated. The enzymatic curve has been corrected for non-enzy- 
matic contributions. The enzyme was omitted for the non-enzymatic studies. 
The solid line below pH 6.0 is corrected for the acid destruction of DPNH which is 
represented by the dotted line. 


this non-enzymatic reaction is greater when TPNH is used in place of 
DPNH. 

In the presence of enzyme there is a marked increase in the rate of re- 
duced pyridine nucleotide oxidation. Fig. 5 shows the activity of the en- 
zyme (corrected for the non-enzymatic rate) as a function of DPNH and 
TPNH concentration. An estimate of the dissociation constants (K,,) 
from the curves indicates that one-half maximal activity with DPNH was 
obtained at about 2.1 X 10-5 and with TPNH at about 0.8 X 10-* in moles 
per liter. However, the maximal rate of activity achieved with DPNH 
was 65 per cent greater than that with TPNH. The property of quinone 
reductase in utilizing both DPNH and TPNH as electron donors can be 
attributed to a single enzyme system, since the ratio of activity with 
DPNH to that with TPNH remains constant with purification. 
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Desamino DPNH, in final concentrations comparable to those used for 
DPNH and TPNH, failed to replace the latter compounds in either the 
enzymatic or non-enzymatic reactions, nor did desamino DPNH inhibit 
the enzymatic oxidation of DPNH. 

Glutathione and cysteine in final concentrations of 0.001 mole per liter 
were non-enzymatically oxidized by p-quinone at rapid rates, as shown by 
an increase in absorption at 290 mu, but failed to substitute for DPNH or 
TPNH in the enzymatic reaction. 
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Fic. 5. Effect of reduced pyridine nucleotide concentrations on the enzymatic 
and non-enzymatic rates. The 3 ml. reaction mixtures contained 0.1 m phosphate 
buffer, pH 6.5, DPNH or TPNH as indicated, 110 units of enzyme, and 0.45 um of 
quinone. The enzymatic curve (upper) is corrected for non-enzymatie contribu- 
tions (lower curve). 





Quinones as Electron Acceptors 


The p-quinone was used as the electron acceptor in most of these studies. 
Fig. 6 shows the dependence of both the enzymatic and non-enzymatic 
rates of oxidation of reduced pyridine nucleotide on quinone concentration. 
The typical saturation curves (Fig. 6) obtained with quinone have been 
corrected for the non-enzymatic rate. The dissociation constants (K») of 
the enzyme-p-quinone complex, estimated from the saturation curves, are 
1.7 X 10~ and 2.2 X 10~ in moles per liter with DPNH and TPNH, re- 
spectively. 

Various derivatives of quinone and naphthoquinone, as well as other 
compounds, were tried as possible electron acceptors, as shown in Table II. 
It appears from the data that only certain quinones can serve as acceptors. 
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Fic. 6. A comparison of the effect of quinone concentration on the enzymatic and 
non-enzymatic rates. The 3 ml. reaction mixtures contained 0.1 m phosphate buffer, 
pH 6.5, 0.3 um of DPNH or TPNH, 110 units of enzyme, and quinone as indicated. 
The enzymatic curves (upper) were corrected for any non-enzymatic contributions 
(lower curves). The enzyme was omitted from the controls. 


TaBLe II 
Specificity of Electron Acceptors 


—AEwo per 30 seconds X 10? 
Substance 


Non-enzymatic Enzymatic 
p-Quinone.......... rere 12 51 
Toluquinone. . ; ; | 6 30 
p-Xyloquinone.... ee 0 16 
Benzoquinone acetic acid*......... | 0 11 
2,6-Dichloroquinone............... Sts 235 0 
2,5-Dichloroquinone............... aid 180 0 
1,4-Naphthoquinone een ey 0 8 
1,2-Naphthoquinone ckednwakee 60 15 
2-Methyl-1 ,4-naphthoquinone 0 0 
Diacetyl... 0 0 
Pyruvic acid.... , : ; 0 0 
Cytochrome c... - = aa 0 0 
Cortisone acetatet ane 0 0 
Dehydroandrosteronet. ate 0 0 





The standard assay was used with 80 units of enzyme and the indicated substance 
replacing quinone at the same concentration (0.45 um). Cortisone acetate and de- 
hydroandrosterone were 0.15 um per 3 ml. of reaction volume. For the non-enzy- 
matic determinations the enzyme was omitted 

* Kindly provided by Dr. W. E. Knox. 

t Kindly supplied by Dr. V. A. Najjar. 
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Dicarbonyl groupings, if not part of an aromatic ring, do not function jn 
the enzymatic system. It is of interest that there is no consistent relation- 
ship between the rates of the enzymatic and the non-enzymatic reactions, 
For example, p-xyloquinone, benzoquinone acetic acid, and 1,4-naphtho- 
quinone show no measurable non-enzymatic reaction under the experi- 
mental conditions, while there is a significant enzymatic rate. This situa- 
tion is reversed for 2 ,5- and 2 ,6-dichloroquinone. 


Possible Activators, Cofactors, and Inhibitors 


The addition of boiled crude pea supernatant solution (Fraction I, Table 
I) to purified quinone reductase (Fraction IV) did not affect the activity of 
the enzyme. <A 10 minute preincubation of the purified enzyme with the 
inorganic ions Mg++, MoO,-, BsO, Zn++, Mn++, Fe+*+, or Fe+* (10-4 
final concentration) has no influence on the rate of the enzymatic reaction, 
nor was the non-enzymatic rate changed by the presence of these ions (10— 
to 10-* om final concentrations). However, Cut++ at 10~ m final concentra- 
tion caused a 30 per cent decrease in enzymatic activity. The sulfhydryl 
compounds, cysteine and glutathione at a final concentration of 10- y, 
completely inhibited both the enzymatic and non-enzymatic reactions, pre- 
sumably by reducing the p-quinone, as suggested above. The failure of 
p-chloromercuribenzoate and iodoacetate in final concentrations of 107 4 
to inhibit quinone reductase indicates that there is no requirement for 
sulfhydryl groups on the protein for catalytic activity. 

The presence of a slight yellow color in the purified enzyme prompted a 
number of experiments to determine whether there were a flavin require- 
ment by the enzyme. Preincubation of the purified enzyme (Fraction IV) 
with FAD and FMN (in final concentrations ranging from 3.3 X 107 to 
1.1 X 10~* m) as well as with boiled pig heart extract failed to stimulate 
the original enzymatic activity. In order to dissociate any possible flavin 
prosthetic group, the purified quinone reductase was reprecipitated twice 
with ammonium sulfate at acid pH, essentially as described by Horecker 
(19). To4.0 ml. of enzyme were added 0.9 gm. of ammonium sulfate and 
0.4 ml. of acid ammonium sulfate (1 Nn H.SO, containing ammonium sul- 
fate at 0.22 gm. per ml.) which brought the pH to 3.1. After standing for 
12 minutes, followed by a 9 minute centrifugation, the precipitate was 
brought to the original volume with 0.1 mM phosphate buffer, pH 7.5. The 
process was then repeated. The enzyme fraction as a result of these treat- 
ments had about 16 per cent of its original activity. However, this lowered 
activity could not be raised by preincubation with FAD, FMN, or boiled 
pig heart extract. The decreased activity could be ascribed to an adverse 
effect of pH. It is of interest in view of the reported inhibitory effects of 
atabrine on flavoproteins (20, 21) that quinone reductase is not affected by 
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this compound (at final concentrations of 5 X 10-4 m) after a 15 minute 
preincubation at 25". 

The presence of flavin in the purified enzyme (Fraction IV) was demon- 
strated by use of the flavin-requiring nitrate reductase from Neurospora (8). 
The activity of purified Neurospora nitrate reductase apoenzyme (25 units) 
incubated with the supernatant solution of boiled quinone reductase (Frac- 
tion IV) in place of added FAD or FMN was determined. Simultaneously, 
two other aliquots of the nitrate reductase apoenzyme were incubated with 
and without FAD. The increased activity of the apoenzyme containing 
the boiled supernatant, above that incubated without added flavin, indi- 
cated the presence of FAD or FMN in Fraction IV. In view of the above 
results, however, it is very likely that the flavin content of the quinone re- 
ductase preparation may not at all be related to its enzymatic activity. 

As already indicated, Cu+*+ caused a definite inhibition of the enzymatic 
reaction, while iodoacetate and p-chloromercuribenzoate had no effect. A 
number of other substances were tested for their effects on the reaction. 
Potassium cyanide, sodium azide, sodium arsenate, sodium fluoride, and 
ethylenediaminetetraacetic acid (Versene) had no effect at 10-* m final con- 
centration on either the enzymatic or the non-enzymatic reaction. 

2,4-Dinitrophenol and a number of its analogues caused a 90 to 100 per 
cent inhibition of the enzymatic reaction in the range of 10~ to 10~® m final 
concentration without influencing the non-enzymatic rate. In view of the 
action of the nitrophenols in uncoupling oxidative phosphorylation, a de- 
tailed study of the effects of the above compounds on quinone reductase is 
given in Paper II (22) of this series which deals with the réle of the enzyme 
in electron transport. 


Products and Stoichiometry of Reaction 


Pyridine Nucleotide—The oxidation of DPNH to DPN by p-quinone was 
confirmed by the complete restoration in absorption at 340 my upon addi- 
tion of the crystalline yeast alcohol dehydrogenase (23) and ethanol to the 
reaction mixture. Fig. 7 shows this restoration after the DPNH had been 
completely oxidized to DPN in the presence of quinone reductase. A sim- 
ilar restoration could be demonstrated for the non-enzymatic reaction. 
The oxidation of chemically reduced TPNH to TPN was also shown in 
essentially the same manner, with d-isocitric acid (9) and the isocitric en- 
zyme from acetone-dried pig heart (24) in place of the alcohol dehydro- 
genase system. 

Hydroquinone—The second product of the enzymatic reaction was iden- 
tified as hydroquinone by melting point data of the isolated compound and 
its diacetate derivative. To 938 ml. of 0.1 mM phosphate buffer, pH 6.5, 
were added 13.3 ml. of DPNH (120 um) and 12.5 ml. of quinone reductase 


266 PYRIDINE NUCLEOTIDE-QUINONE REDUCTASE. 1 


(96,000 units) and the reaction was started with 36.6 ml. of p-quinone (100 
uM). At the end of 6 minutes, the reaction had reached 90 per cent com- 
pletion as indicated by DPNH oxidation. The non-enzymatic contriby- 
tion under these conditions (low substrate concentrations, high enzyme 
concentration) was calculated to be approximately 5 per cent of the ex- 
pected yield. The 1 liter reaction mixture was then shaken with five 500 
ml. portions of redistilled ethyl ether, the combined ether fractions were 
evaporated to dryness, and a brown amorphous residue weighing 13.0 mg. 
was collected. A 0.2 ml. water extract of the above residue was evap. 
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Fia. 7. Time-course of reaction and restoration of DPN. The standard assay 

was used with 86 units of quinone reductase. When the reaction reached comple- 

tion, the pH was adjusted to 8.4 with NaOH and the following were added: 0.1 ml. 

of 95 per cent ethanol and approximately 800 units of crystalline yeast alcohol de- 
hydrogenase (ADH system). 








orated to dryness, yielding 4 mg. of a yellowish crystalline product. These 
crystals were then washed twice with approximately 0.05 ml. of benzene 
and dried in a vacuum desiccator overnight to give 2.5 mg. designated as 
Product A, representing 23 per cent of the theoretical yield. 

The crystalline diacetate derivative of Product A was prepared according 
to the procedure of Chattaway (25). A summary of the melting points is 
as follows: Product A melted at 169° (uncorrected) (Huntress and Mulliken 
(26) 171° for the hydroquinone); mixed melting point of equal parts of 
Product A and authentic hydroquinone, 165° (uncorrected); diacetate de- 
rivative 121-122° (uncorrected) (Huntress and Mulliken (26) for the hy- 
droquinone diacetate 123°). 

An independent experiment duplicating the above isolation and charac- 
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terization of the reaction product gave essentially the same results. Of 
the solid phenols listed in Huntress and Mulliken (26) only the properties 
of hydroquinone agree well with the above melting point data. 

The reduced quinone product of the non-enzymatic reaction (carried out 
at high reactant concentrations) was also shown to be hydroquinone by a 
similar isolation and melting point characterization. To 3.0 ml. of 0.1 m 
phosphate buffer at pH 6.5 were added 5.0 ml. of DPNH (110 um). The 
reaction was 90 per cent complete within 10 minutes as indicated by DPNH 
oxidation. The 14 ml. reaction mixture was shaken with five 7 ml. por- 
tions of redistilled ethyl ether, the combined ether fractions evaporated to 
dryness, and the product stored overnight in a vacuum desiccator. White 
needle-like crystals, tinged with yellow, were collected which weighed 7.9 
mg., representing 72 per cent of the theoretical yield. The melting point 
was 171°, uncorrected, and the diacetate derivative melted at 122-123°, 
uncorrected. 


Stoichiometry and Mechanism of Enzymatic Reaction 


The stoichiometry of the quinone reductase reaction was determined in 
the presence of a large concentration of active enzyme (170 units) in order 
to minimize the contribution by the non-enzymatic reaction. Under these 
conditions the reaction was brought to completion within 6 minutes, as 
measured by DPNH oxidation, the non-enzymatic reaction providing less 
than 10 per cent of the total hydroquinone formed. Since the chemical 
reaction could not be stopped by a suitable method, the amount of DPNH 
added to the system was kept limiting by providing an excess of p-quinone. 
The alternative possibility of using a reaction protocol involving limiting 
amounts of p-quinone and an excess of DPNH was not feasible. With the 
latter procedure, the reduction of Fet*++ to Fe** by the hydroquinone 
formed in the enzymatic reaction would yield p-quinone which would, in 
turn, react non-enzymatically with the excess DPNH, thus introducing a 
substantial positive error in the determination of enzymatically produced 
hydroquinone. 

Table III shows a mole for mole relationship between the DPNH oxi- 
dized and the hydroquinone formed enzymatically. These results are in 
agreement with the conclusion that the enzyme catalyzes the reduction of 
quinone to hydroquinone, according to Equation 3. 

The reaction is visualized as taking place in two steps as shown in Equa- 
tions 1 and 2. Although in the net reaction the transfer of a proton from 
solution is indicated, it is postulated that this transfer does not take place 
in the first step, the oxidation-reduction reaction. This is suggested by 
analogy with the non-enzymatic rate of oxidation of DPNH by p-quinone 
which was observed to be independent of hydrogen ion concentration (Fig. 
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4). The latter data also suggest that the oxidation-reduction step is the 
rate-limiting reaction. The first step, therefore, is taken to involve the 
transfer of 2 electrons and a proton (directly or indirectly from DPNH), or 
an electron and a hydrogen atom, resulting in the formation of DPN and 


TaBLe III 


Stoichiometry of Quinone Reductase Reaction 











Experiment No. DPNH oxidized | Hydroquinone formed 

uM | uM 

1 0.10 | 0.09 
0.20 | 0.20 
0.30 0.26 

2 0.07 0.08 
0.14 | 0.16 
0.21 0.21 

3 0.07 0.06 
0.14 0.16 
0.21 0.21 


The 3 ml. reaction volumes contained 170 units of enzyme, the indicated amounts 
of DPNH, and 0.3 um of quinone. Hydroquinone was assayed as described under 
‘‘Materials and methods.”’ 
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hydroquinone anion. The latter in the second step of the reaction, as 
shown in Equation 2, would associate with a proton from solution to form 
hydroquinone. 


DISCUSSION 


Aside from its possible réle in electron transport, the oxidation of DPNH 
by p-quinone is of particular interest, since it offers an opportunity to 





comp 
Both 
chief 
DPN 
tions 
the re 
the a 
the e! 
series 
tron-! 
non-e 
tic ra 
such ¢ 
enzyn 
steric 
p-xyle 
but d 
enzyn 
value 
reactic 

Altl 
reacti 
chia ce 
tion o! 
shown 

Fro. 
quinor 
of app: 
reactic 
be calc 


No att 
in viev 


The 
tase fr 
quinon 


_ 


* Wos 





W. D. WOSILAIT AND A. NASON 269 


e compare the enzyme-catalyzed reaction with the non-enzymatic reaction. 

Both the enzymatic and the non-enzymatic reactions are similar in that the 
r chief product of the reaction is hydroquinone. The fact that desamino 
d DPNH cannot replace DPNH in the enzymatic and non-enzymatic reac- 


tions suggests that the amino group on the adenine moiety is necessary for 
the reaction to take place, or that the hydroxy group which has replaced 
the amino group interferes in some manner. Other similarities between 
the enzymatic and non-enzymatic reactions are shown by the data for the 
series p-quinone, toluquinone, and xyloquinone. The introduction of elec- 
tron-releasing substituents into the ring results in progressively decreasing 
non-enzymatic rates which are paralleled by similar decreases in enzyma- 
tic rates. In terms of differences between the two reactions, the fact that 
such quinone electron acceptors as 2 ,6- and 2 ,5-dichloroquinone react non- 
enzymatically but not enzymatically is taken to be indicative of specific 
steric requirements of the enzyme molecule. The added observation that 
p-xyloquinone and benzoquinone acetic acid fail to react non-enzymatically 
but do react enzymatically lends further support to this idea. The non- 
enzymatic reaction, by virtue of its independence of pH, has been of some 
nts value in suggesting, by analogy, a stepwise mechanism for the enzymatic 
der reaction. 

Although 2-methyl-1,4-naphthoquinone (nucleus of vitamin K) is not 
reactive in the pea quinone reductase system, cell-free extracts of Escheri- 
chia coli and certain other microorganisms and tissues catalyze the oxida- 
tion of reduced pyridine nucleotide by this quinone. This activity can be 
shown to be due to an enzyme different from quinone reductase.” 

From the E’o values at pH 7.0 of DPNH:DPN* and hydroquinone- 
quinone, —0.28 and +0.30 volts (27), respectively, a change in free energy 
of approximately — 26,800 calories was calculated for the quinone reductase 
reaction. From this value the equilibrium constant for the reaction may 
be calculated. 


(DPN*) (hydroquinone) 
(DPNH) (quinone) (H*) 








= 10” 


No attempt was made to reverse the enzymatic or non-enzymatic reaction 
in view of the large equilibrium constant. 

MMARY 
, a8 SUMMARY 


orm The purification and properties of a pyridine nucleotide-quinone reduc- 
tase from peas are described which catalyzes the reduction of p-benzo- 
quinone to hydroquinone according to the equation 


. DPNH + H* + p-quinone — DPN+t + hydroquinone 
NH oes 





vy to *Wosilait, W. D., and Nason, A., in preparation. 
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The maximal rate of activity achieved with TPNH was about one-half 
that obtained with DPNH. The enzyme, which has been purified some 
20-fold, catalyzes the reduction of p-quinone, at a rate greater than the 
corresponding non-enzymatic reaction. DPN and hydroquinone haye 
been identified as products of both the enzymatic and non-enzymatic re- 
actions. As electron acceptors a number of derivatives of benzoquinone 
and naphthoquinone may be used. The enzymatic reaction has a pH op. 
timum at 6.5, while the non-enzymatic reaction is unaffected by pH. The 
enzymatic reaction is not dependent upon metal ions, flavin, or other eo- 
factors, and, of the inhibitors studied, 2 ,4-dinitrophenol and related nitro- 
phenols were found to be effective in very low concentrations. 
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~ The wide-spread distribution of polyphenol oxidase (tyrosinase) and 
similar phenolases throughout the plant kingdom, as well as the growing 
evidence for the réle of some of these enzymes as terminal oxidases, makes 

Th it seem likely that such oxidases play an important réle in plant respiration 

ie 


(1). Some of these systems, especially polyphenol oxidase, have also been 
sher demonstrated to be involved in quinone metabolism of animal tissues. 
Nevertheless, no enzyme has as yet been recognized which acts between 
quinone and the pyridine nucleotides as an intermediate in electron trans- 
fer between substrate and phenolase systems. The properties of quinone 
reductase already described (2) indicated that this enzyme may function in 
such a capacity. This paper deals with the possible réle of pyridine nucleo- 
598 tide-quinone reductase as an intermediary system in the transfer of elec- 
trons between pyridine nucleotides and certain copper oxidases. 


Biol. Materials and Methods 
The preparation of quinone reductase, the use of standard procedures, 
eMm., and other materials have been already described (2). 


The nitrophenols and other substances were purchased from the Eastman 
Kodak Company, unless otherwise indicated. The o-quinone was pre- 


tfor- pared by silver oxide oxidation according to the procedure of Tarpley (3). 
51) Preparation of Cell-Free Extracts 

The extracts for the enzyme survey were in most cases prepared by first 
phys. 


grinding the frozen fresh tissues with a mortar and pestle in 3 times their 
51). weight of cold 0.1 m phosphate buffer, pH 7.5. The extraction was com- 
pleted in a TenBroeck glass homogenizer and the extracts were then cen- 
trifuged at 4000 x g for 20 minutes at 4°. 

The crude extracts of Clostridium kluyveri, prepared as already de- 


Mt). scribed (4), were kindly supplied by Mr. Robert M. Burton. Freshly har- 
*This research was supported in part by a research grant (No. 2332) from the 
National Institutes of Health, United States Public Health Service. Contribution 
unds, No. 59 of the MeCollum-Pratt Institute. 
+ A. T. Bruce Predoctoral Fellow, 1952-53. 
942). 271 
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vested Azotobacter chroococcum and lyophilized Escherichia coli were ground 
with an equal weight of alumina A-301 (Alcoa) during slow addition of 5 
volumes of cold phosphate buffer, pH 7.5. After centrifugation, the super. 
natant solution was used as a crude extract. The Paramecia were grown 
(on Cerophyl and Aerobacter aerogenes and extracts prepared by use of a 
syringe) as described elsewhere (5) and were kindly supplied by Dr. Myron 
Levine. 

For the work dealing with the effect of separate deficiencies of copper 
and iron on the level of quinone reductase, Neurospora crassa was grown 
on a modified Fries basal medium! (6), and the Aspergillus niger on a 
medium described elsewhere (7). In each case the medium was purified by 
a method described by Nicholas (7). The activity of the various extracts 
was determined by use of the standard assay (2). 


Preparation of Laccase 


A partially purified laccase preparation which catalyzes the oxidation of 
hydroquinone to p-quinone was prepared from the leaves of a tree, tenta- 
tively identified as Aesculus parviflora. To each gm. of leaf tissue, from 
which the midribs had been removed, were added 30 ml. of cold acetone 
and the mixture was blended in the Waring blendor at 4° for 2 minutes, 
After filtering through a Biichner funnel, the fiber-like “‘powder’’ was air- 
dried and stored in a vacuum desiccator over CaCl, at 4°. A sample of 5 
gm. of the acetone-dried powder was extracted with 100 ml. of cold 0.1 u 
phosphate buffer, pH 7.5, by using a mortar and pestle. After centrifuga- 
tion, 40 ml. of the resulting brown supernatant solution were fractionated 
with solid ammonium sulfate. Laccase activity was present in the frac- 
tion collected between 60 and 80 per cent saturation; quinone reductase 
activity was not present. Laccase activity was determined by measuring 
_ oxygen uptake in Warburg vessels containing 0.7 ml. of 0.1 m phosphate 
buffer, pH 7.5, and 2.0 ml. of enzyme fraction in the main compartment, 
0.3 ml. of 20 per cent KOH in the center well, and 0.3 ml. of 0.1 m hydro- 
quinone in the side arm. The mixture was preincubated for 10 minutes at 
30° and, after tipping in the hydroquinone, the reaction was followed for 
the ensuing 40 minutes. The 60 to 80 per cent ammonium sulfate fraction 
contained 0.56 mg. of protein per ml., and laccase activity of 4.2 expressed 
in micromoles of oxygen per hour per mg. of protein. 

A highly purified polyphenol oxidase preparation from mushroom with 
a QO>2 of 50,000 (1.4 mg. of protein per ml.), arbitrarily designated as 50,000 
units of enzyme in this study, was kindly supplied by Dr. W. D. Bonner. 

Dr. C. R. Dawson kindly provided a highly purified ascorbic acid oxi- 


The modification consisted of using one-fifth the quantity of sodium tartrate 
and replacing ammonium nitrate with sodium nitrate. 
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dase preparation having an activity of 5000 units per ml. (1600 units per mg. 
of dry weight) and containing 0.24 per cent copper. 
Results 


Coupling with Laccase—Since hydroquinone has been identified as a 
product of the enzymatic reduction of p-quinone (2), experiments were 


0 800 









0.700 ~~~ _QUIN. RED 


oO Miler, 
t ~ 
m LACCASE 
WwW 
O.600f- 
0.500 QUIN. RED. 











0.425 ! | l l | | | i 
0 io 20 30 40 50 60 70 80 


MINUTES 

Fig. 1. Coupling quinone reductase with laccase. The quinone reductase plus 
laccase reaction mixture contained 1 um of hydroquinone, 0.3 um of DPNH, 200 
units of quinone reductase, 0.45 unit of laccase, 0.1 M phosphate buffer, pH 6.5. The 
time of addition of quinone reductase is indicated by the arrow. The quinone re- 
ductase and laccase reaction mixtures contained the above except for the omission 
of laccase and quinone reductase, respectively. All reaction volumes were made up 
to 3.0 ml. 
performed in which the quinone reductase system was coupled with the 
partially purified laccase preparation. The latter enzyme, which oxidizes 
hydroquinone to p-quinone, in conjunction with quinone reductase resulted 
in the transfer of electrons from DPNH? to oxygen by way of p-quinone as 
shown in Fig. 1. The addition of quinone reductase to a complete reac- 
tion mixture containing DPNH, hydroquinone, and laccase resulted in a 
rapid oxidation of DPNH. The slow rate of oxidation of DPNH in the 
absence of laccase may be ascribed to the presence of a contaminating en- 


zymatic or non-enzymatic hydroquinone-oxidizing system. The slow rate 


* The following abbreviations are used: DPN and DPNH, unreduced and reduced 
diphosphopyridine nucleotide; DOPA, 3,4-dihydroxyphenylalanine. 
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of oxidation of DPNH in the absence of quinone reductase can be attrib. 
uted to the non-enzymatic reduction by DPNH of the p-quinone formed 
by the laccase. 

Coupling with Polyphenol Oxidase (T'yrosinase) by Use of 1 ,2-Naphtho- 
quinone—Fig. 2 illustrates the coupling of quinone reductase from Deas 
with a highly purified polyphenol oxidase from mushrooms with 1,9. 
naphthoquinone as the intermediate electron carrier. Upon addition of 
quinone reductase to a mixture containing buffer and naphthoquinone, the 
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Fig. 2. Coupling quinone reductase with polyphenol oxidase. The 3.0 ml. reac- 
tion mixture (©) contained 0.1 m phosphate buffer, pH 6.5, 0.3 um of DPNH, and 
0.1 um of 1,2-naphthoquinone, and at the indicated times 500 units of quinone re- 
ductase, 350 units of polyphenol oxidase, and additional DPNH were added. In the 
curve marked ‘‘—quin. red.’’ quinone reductase was omitted but polyphenol oxidase 
was present. An identical curve was obtained when both enzymes were omitted. 


rate of oxidation of DPNH was considerably increased until most of the 
quinone had been reduced. At this point, tyrosinase was added, resulting 
in a further rapid oxidation of the remaining DPNH. More DPNH could 
be added as indicated, thus maintaining a flow of electrons to oxygen by 
way of quinone reductase, quinone, and polyphenol oxidase. In this way, 
many equivalents of DPNH could be oxidized per equivalent of 1 ,2-naph- 
thoquinone. The slow non-enzymatic oxidation of DPNH in the system 
lacking both tyrosinase and quinone reductase (see the legend to Fig. 2), 
in excess of the naphthoquinone added, can be accounted for by the ait 
oxidation of the reduced naphthoquinone. A preliminary examination of 
this reaction in the presence and absence of oxygen showed that aerobic 
conditions do permit a reoxidation of the reduced quinone. This has been 
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attributed to the second ring in naphthoquinone which presumably lowers 
the affinity of this compound for hydrogen, thus increasing the sensitivity 
of reduced naphthoquinones to mild oxidizing agents (8). This aerobic 
oxidation of reduced naphthoquinone could also account for the slow oxida- 
tion of DPNH just before the addition of tyrosinase to the complete re- 
action mixture. The possibility of a quinone reductase contamination in 
the polyphenol oxidase was eliminated; 7.e., a system containing tyrosin- 
ase but no added quinone reductase did not oxidize DPNH at a rate appre- 
ciably faster than the non-enzymatic rate under aerobic conditions. 

Attempts at Coupling with Polyphenol Oxidase by Using Other Quinones— 
A series of experiments was conducted in an effort to demonstrate the 
coupling of quinone reductase with polyphenol oxidase by using the oxida- 
tion products of protocatechuic acid,? DOPA, catechol, or homogentisic 
acid‘ in place of naphthoquinone as an intermediate electron carrier. Since 
o-quinone and DOPA-quinone in aqueous media have been reported to 
have the short half lives of 0.9 and 0.07 minutes, respectively, at pH 6.8 
(9), the various quinones were produced enzymatically in situ by using 70 
units of tyrosinase in a reaction mixture containing 0.1 mM phosphate buffer, 
pH 6.5, and 0.1 uM of each of the above dihydroxyphenyl compounds. The 
addition of 0.3 um of DPNH to the above mixture originally containing 
either protocatechuic acid or DOPA to give a 3 ml. reaction volume resulted 
ina rapid rate of oxidation of DPNH. The change in optical density units 
observed at 340 my for both was 0.240 per minute, despite the absence of 
quinone reductase. The addition of large concentrations of purified qui- 
none reductase (250 to 300 units) to the reaction mixture did not increase 
this rate. The use of catechol in place of protocatechuic acid or DOPA 
in the above reaction gave similar results, except DPNH was oxidized at a 
rate which gave a change in optical density of 0.260 per minute when 0.01 
um of catechol was used. Homogentisic acid was found to be the only 
compound in this series which did not result in a measurable rate of DPNH 
oxidation in the presence or absence of quinone reductase, despite the fact 
that it served as a substrate for the tyrosinase. 

The failure of quinone reductase to catalyze the already appreciable rate 
of DPNH oxidation in the above systems can possibly be ascribed to a 
rapid non-enzymatic oxidation of DPNH by o-benzoquinone or to the 
presence of a specific o-quinone reductase activity in the tyrosinase prepara- 
tion. The latter possibility seems unlikely in view of the failure of ty- 
rosinase to catalyze the reduction of the more stable 1 ,2-naphthoquinone 
by DPNH. 

In order to determine whether DPNH was oxidized by o-quinone non- 


‘Kindly supplied by Dr. R. E. Stanier. 
‘Kindly supplied by Dr. W. E. Knox. 
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enzymatically a number of experiments were carried out with chemically 
prepared o-quinone. Fig. 3 illustrates the effect of adding o-quinone toa 
solution containing buffer and DPNH. There is an immediate non-ep- 
zymatic oxidation of DPNH, to an extent proportional to the amount of 
dequinone added. When less than stoichiometric amounts of 0-quinone 
are used, further oxidation of the DPNH is observed upon addition of 
polyphenol oxidase, indicating that the added o-quinone has been reduced 
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Fic. 3. Non-enzymatic reaction between DPNH and o-quinone. To the 3.0 nl. 
reaction mixtures containing 0.3 um of DPNH and 0.1 m phosphate buffer, pH 645, 
were added 0.04 ml. of o-quinone and 28 units of polyphenol oxidase, as indicated. 
Inset, proportionality between DPNH oxidized and o-quinone added. The 3.0 nl. 
reaction mixtures contained 0.3 um of DPNH, 0.1 m phosphate buffer, pH 6.5, and 
the indicated amounts of o-quinone (4.8 um per ml. on the basis of DPNH oxidation). 


to catechol by DPNH. The latter view is supported by the rapid dis- 
appearance of the o-quinone absorption peak at 390 my upon the addition 
of DPNH. A silver oxide control in which catechol had been omitted did 
not oxidize DPNH to DPN. The rapid non-enzymatic reaction between 
DPNH and o0-quinone can be used as the basis for a convenient method of 
following polyphenol oxidase activity, by starting with catechol rather 
than o-quinone. 

It seems likely that the oxidation products of DOPA and protocatechuie 
acid are capable of oxidizing DPNH non-enzymatically as already demon- 
strated above for o-quinone. 

Possible Coupling with Ascorbic Acid Oxidase—Mathews (10) has postu- 
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lated that ascorbic acid oxidation produces an active intermediate desig- 
nated as “monodehydroascorbic acid” which is utilized in an enzyme- 
catalyzed oxidation of DPNH; the above intermediate could not be re- 
placed by dehydroascorbic acid. This view of Mathews that an enzyme 
system catalyzes the transfer of electrons to an active intermediate gen- 
erated by ascorbic acid oxidation is supported by others. The following 
experiments were performed to determine whether quinone reductase could 
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Fig. 4. Coupling of an ascorbic acid reductase (an impurity in quinone reduc- 
tase) with ascorbic acid oxidase. To the 3.0 ml. reaction mixtures containing 0.3 um 
of DPNH, 0.1 m phosphate buffer, pH 6.5, 0.15 um of ascorbic acid, aad 1000 units of 
quinone reductase (containing an enzyme which catalyzes the transfer of electrons 
from DPNH to an oxidation product of ascorbic acid) were added 0.1 unit of ascorbic 
acid oxidase, DPNH, and 0.15 un of ascorbic acid, as indicated. Quinone reductase 
(Fraction IV) was omitted in the control. 


act as a catalyst in transferring electrons to either dehydroascorbic acid or 
the active intermediate generated by ascorbic acid oxidase. 

Dehydroascorbic acid prepared by the oxidation of ascorbic acid by 
bromine (11) failed to replace p-quinone as an electron acceptor in the 
quinone reductase reaction. 

In another experiment (Fig. 4), the addition of ascorbic acid oxidase to a 
reaction mixture containing ascorbic acid, quinone reductase, and DPNH 
resulted in an appreciable rate of oxidation of the DPNH. Upon addition 
of more DPNH, there was no further oxidation of the added pyridine nu- 
cleotide unless more ascorbic acid was ulso added, suggesting a labile active 


5 Personal communications from Dr. H. Beevers and from Mr. M. Kern and Dr. 
E. Racker. 
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intermediate of ascorbic acid oxidation. A corresponding control, in which 
quinone reductase was omitted, did not result in DPNH oxidation, indicat. 
ing, therefore, that quinone reductase or a contaminating catalyst is present 
which is involved in the transfer of electrons from DPNH to the active 
intermediate. 

That quinone reductase is functioning in this réle may be unlikely in view 
of the fact that DPNH-active intermediate reductase activity does not 
parallel quinone reductase activity during purification. Further support 


TABLE I 
Inhibition of Quinone Reductase by Nitrophenol Derivatives 


Per cent inhibition 
Uncoupling 
of oxidative 
phosphoryla- 
tion (Cross 


— _ Phenol red 
transport in 
renal tubules 
et al. (12) (Taggart 


2.5 X 10-¢a)*, (13) 10°¢a)t 


Substance Final concentration 


| 10-4 | 1078 10-¢ | 1077 
} M 


| we u u 10-8 uw 


2,4-Dinitrophenol........ 


ade 195/95) 35/11] 0 |} +444] 0 











2D S-EOPMIUPOAMITING... . 2.5 eos | 0} O 0 

2A D-Trmropnenel.. 662... 1 eee | 96 | 96 | 86 | 22} O 0 0 
o-Nitrophenol............... Soca 0 ++44 
p-Nitrophenol............... ..| © |25|, 6 0 +444 
2-Amino-4-nitrophenolf.......... 88 | 50 | 10/ 0} 0 +44 
2,6-Dinitro-4-chlorophenolf.......... 97 | 96 | 71 | 33} O | ++++4 + 
2,6-Dichloro-4-nitrophenol.........., 59 | 98 | 87| 38 | 0 | +444 + 
2,4-Dinitroresorcinol......... ....| 80} 43] 0 0 
2,4-Dinitro-l-naphthol..............| 83 | 84 | 69 | 30) O 


The 3 ml. reaction mixtures contained 80 units of enzyme, 0.3 um of DPNH, 0.45 
uM of quinone, 0.1 m phosphate buffer, and the indicated compounds. 

* + indicates the extent of uncoupling. 

t + indicates the extent of dye transport. 

ft Kindly supplied by Dr. B. L. Horecker. 


is the observation that 2,4-dinitrophenol, which is a potent inhibitor of 
quinone reductase, had no effect on the ‘active’ dehydroascorbic acid- 
reducing activity at 10~ m final concentration. The properties of the 
enzyme system responsible for the latter activity will be described at a 
later date.® 

Inhibition by 2 ,4-Dinitrophenol and Derivatives—As already reported (2), 
2 ,4-dinitrophenol caused a 95 per cent inhibition of the enzymatic reaction 
at 10-° m final concentration without influencing the non-enzymatic rate. 
In view of the marked sensitivity of the enzyme to this compound, as well 
as the latter’s action in uncoupling oxidative phosphorylation, it was 


6 In preparation. 
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ch deemed pertinent to test various nitrophenol analogues for possible correla- 
it tions between their inhibitory effect on the enzyme and their uncoupling 
nt action as reported in the literature. Table I shows that, of the analogues 
ve tried, all but 2,4-dinitroaniline caused a significant inhibition of the en- 
zyme at 10~* o final concentration, most of them actually causing a greater 
- than 75 per cent inhibition. At 10~-° m final concentration, the significant 
ot 
ort TABLE II 


Distribution of Quinone Reductase 
The specific activity is in units per mg. of protein. 
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- Standard conditions of assay (Wosilait and Nason (2)). 
aid- 
the inhibitory effect of most of these analogues still persists except for o- and 
she p-nitrophenol. 

9 With certain of the compounds strong inhibition was noted at even 10-¢ 
( ) ul final concentrations. The decreased inhibition by 2,6-dichloro-4-nitro- 
wed phenol at 10~* m as compared to 10-* and 10-* final concentrations was 
* reproducible. It also should be noted that aureomycin at 10-° and 10— mu 
Se fnal concentrations had no effect on enzymatic activity. Of the nitro- 
was 


phenols tested at 10~ final concentration only 2 ,4-dinitroresorcinol had 
an effect upon the non-enzymatic rate, increasing it by 50 per cent. 
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Table I also includes some of the data as presented by Cross et al. (12) 
and Taggart (13) concerning the effects of these nitrophenol analogues on 
uncoupling oxidative phosphorylation and on phenol red transport in renal 
tubules, respectively. A comparison of the data of Cross et al. with the 
effects on quinone reductase brings out the following points. First, when- 
ever particular nitrophenol derivatives uncoupled, these same compounds 
markedly inhibited quinone reductase. This is shown by the action of 
2,4-dinitrophenol, 2,6-dinitro-4-chlorophenol, and 2,6-dichloro-4-nitro. 
phenol. However, quinone reductase was strongly inhibited by other com- 
pounds such as 2 ,4,6-trinitrophenol, p-nitrophenol, 2-amino-4-nitrophenol, 
and 2,4-dinitroresorcinol at 10~ m final concentrations which have been 
reported to have no effect on phosphorylation. No conclusions can be 
drawn at this time concerning a clear relationship between the inhibitory 
effects of certain nitrophenol derivatives on quinone reductase and their 
uncoupling reaction. 

There are some differences between inhibition of quinone reductase and 
inhibition of phenol red transport in renal tubules. Of the seven nitro- 
phenol derivatives cited o-nitrophenol, p-nitrophenol, and 2-amino-4-ni- 
trophenol markedly inhibited quinone reductase without affecting phenol 
red transport. The other compounds, however, showed parallel effects. 

Distribution of Enzyme—The results from a survey of the distribution of 
quinone reductase in a number of plants, animals, and microorganisms are 
shown in Table II. The enzyme was found to be present in cell-free ex- 
tracts of most organisms and tissues thus far examined. 


DISCUSSION 


The wide distribution of quinone reductase may be suggestive of a sig- 
nificant function for this enzyme. The natural quinone carriers operating 
in phenolase systems have not been established. Whether hydroquinone 
‘is a natural carrier is uncertain, especially since there is a lack of specific 
tests for this substance. The older literature, however, shows hydro- 
quinone not to be an uncommon product in plant material (14). Its 
oxidized form, p-quinone, however, is known to be very reactive and is 
noted for its toxic effects on organisms and its inhibitory action on enzyme 
systems (15). Laccase, too, has been reported in a number of higher 
plants and fungi. In addition, laccase-like enzymes have been reported in 
serum and kidney (1). 

Perhaps of more importance to the possible réle of quinone reductase in 
plant respiration is the fact that the enzyme can be coupled with poly- 
phenol oxidase with 1,2-naphthoquinone as an electron carrier. The 
wide-spread occurrence of polyphenol oxidase in plant and animal tissues 
(1) and the fact that many naphthoquinone derivatives are also known to 
be present in biological materials (15) add further weight to the speculation 
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that these components, together with quinone reductase, may represent 
a pathway for the transfer of electrons from respiratory substrates via 
pyridine nucleotides to oxygen. On the other hand, the demonstration of 
a very rapid non-enzymatic reaction between DPNH and o-quinone, as 
well as the coupling of this reaction to polyphenol oxidase, may also be 
suggestive of a pathway for electron transport. 

The possibility that the level of quinone reductase in the cell could be 
altered by producing certain metal ion deficiencies which might conceivably 
lower the level of certain terminal electron transport systems, thereby per- 
mitting others to assume a greater réle, was also investigated. As shown 
in Table II, the specific activities of the enzyme in extracts of copper-de- 
ficient Neurospora and A. niger and iron-deficient Neurospora remained 
essentially the same as those of the controls. 

The high degree of inhibition by 2,4-dinitrophenol was of interest be- 
cause of its possible relationship to uncoupling of phosphorylation. A 
comparison of the data given in Table I shows two points of interest. Since 
2,4-dinitroaniline does not inhibit, it appears that the phenolic hydroxyl 
group may be necessary for inhibition. The fact that increased inhibition 
parallels the greater dissociation of the phenolic hydroxyl group when an 
electronegative group is introduced into the ring leads to the conclusion 
that the phenolate ion is the actual inhibitor. Further studies are neces- 
sary to determine the nature of the inhibition by dinitrophenol. 


SUMMARY 


A possible function of quinone reductase in electron transport has been 
indicated by coupling the enzyme with laccase and polyphenol oxidase. 
Hydroquinone served as an intermediate carrier in coupling experiments 
with laccase, whereas 1 ,2-naphthoquinone was used with polyphenol oxi- 
dase. There is a rapid oxidation of DPNH by the enzymatically produced 
oxidation products of catechol, protocatechuic acid, and DOPA. o0-Qui- 
none, produced by silver oxide oxidation of catechol, was also very rapidly 
reduced by DPNH. The activity of the purified quinone reductase frac- 
tion in catalyzing the oxidation of DPNH in the presence of the “active” 
intermediate of ascorbic acid oxidation was shown to be due to the presence 
of a different enzyme. 

There is a high degree of inhibition of quinone reductase by 2 ,4-dinitro- 
phenol and related compounds. ‘This effect is compared to the uncoupling 
of oxidative phosphorylation and inhibition of phenol red transport of renal 
tubules as indicated in the literature. 
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A number of reports have appeared which suggest that DPN! and re- 
lated N-substituted nicotinamide compounds can undergo addition re- 
actions, forming products that resemble DPNH in certain properties. 
Meyerhof, Ohlmeyer, and Mohle (1) described the addition of cyanide or 
bisulfite to DPN to form compounds that give absorption spectra some- 
what similar to that of DPNH. Colowick et al. studied the cyanide re- 
action in detail and showed that this reaction was a general property of 
N-substituted nicotinamide compounds (2). Najjar et al. (3) reported 
that acetone and alkali reacted with N'-methylnicotinamide iodide to give 
a product that was strongly fluorescent. Huff (4) described the acetone 
addition compound in greater detail. Colowick et al. (2) showed that the 
absorption spectrum of the acetone addition compound of DPN resembled 
that of DPNH. Kaplan ei al. (5) described the effect of strong alkali on 
DPN, and the properties of the products of the reaction were reported. 
Racker and Krimsky have (6) reported that DPN interacts with triose- 
phosphate dehydrogenase to give increased absorption at 360 my. They 
attribute this effect to the addition of the sulfhydryl groups (on the pro- 
tein) to DPN. Needham ef al. (7) and Burton and Kaplan (8) have re- 
ported that GALD and DHA, respectively, react with DPN to yield 
products absorbing in the same region as DPNH. This paper extends the 
preliminary observations (8) and describes in detail the reaction between 
carbonyl compounds and pyridine nucleotides and nucleosides in the 
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1 The following abbreviations will be employed in this paper: diphosphopyridine 
nucleotide, (oxidized) DPN, (reduced) DPNH,;; triphosphopyridine nucleotide, TPN; 
nicotinamide mononucleotide, NMN;; nicotinamide riboside, NR; adenosine diphos- 
phate ribose, ADPR; dihydroxyacetone, DHA; glyceraldehyde, GALD; addition 
compound of DPN with DHA, DPN-DHA; addition compound of DPN with GALD, 


DPN-GALD; and addition compound of NR with DHA, NR-DHA; triosephosphate 
dehydrogenase, TPD. 
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presence of a moderately alkaline medium. It is shown that the reaction 
between GALD or DHA and DPN does not give DPNH, although the 
properties of the DPN-DHA product resemble DPNH very closely. The 
addition compounds of cyanide, bisulfite, acetone, and DHA with DPN 
are compared and discussed in their relationship to DPNH. 


Materials and Methods 


DPN and TPN were purchased from the Sigma Chemical Company and 
assayed to be approximately 80 per cent pure. DPNH was prepared by 
enzymatic reduction with yeast alcohol dehydrogenase (9). NMN was 
prepared from DPN by the use of snake venom pyrophosphatase;? NR 
was prepared from NMN by treatment with the specific 5-nucleotidase 
from bull semen (10). N'-Methylnicotinamide iodide was generously 
given by Dr. V. Najjar. DHA and GALD were obtained from the Nutri- 
tional Biochemicals Corporation and also from the Concord Laboratories, 
The bromopyruvic acid, hydroxypyruvic acid, and glycolaldehyde used 
were gifts of Dr. R. DeMoss. The ribulose-5-phosphate was generously 
given by Dr. B. Horecker. 1,3-Pentanedione was obtained from the Com- 
mercial Solvents Corporation. Other carbonyl compounds were obtained 
from the Eastman Kodak Company. Crystalline yeast alcohol dehy- 
drogenase was prepared according to the directions of Racker (11); lactic 
acid dehydrogenase according to Kornberg and Pricer (12); and crystalline 
triosephosphate dehydrogenase according to Cori, Slein, and Cori (18). 
Other reagents and enzymes used were obtained as referred to in the text. 


EXPERIMENTAL 
DPN-DHA Reaction—The reaction of DPN with DHA produces a 


maximal absorption peak at 340 my; this provides a convenient method for 
studying the progress of the reaction. Following the reaction in this 
manner gives time-course curves, as presented in Fig. 1. Though not 
indicated in Fig. 1, the reaction apparently goes to completion, and all 
attempts to show an equilibrium condition or reversibility have been un- 
successful. Using known concentrations of DPN with large excesses of 
DHA and calculating an extinction coefficient on the basis of the reaction 
proceeding to completion give E349 = 6.3 X 10° sq. cm. per mole. This is 
the same extinction coefficient that was obtained for DPNH (14-16). 
Fig. 1, Curves A, B, and C, demonstrates the dependency of the rate of 
reaction on DHA concentration. As the concentration of DHA was in- 
creased from 6.6 X 10-* moles per liter (Curve A) to 3.3 X 10-* (Curve B) 
to 1.7 X 107 moles per liter (Curve C), with the DPN concentration and 


2 The snake venom pyrophosphatase has been purified by the procedure of L. As- 
trachan, T. P. Wang, and N. O. Kaplan, in preparation. 





the } 
pH 
at 3. 
DP) 


00F 


> 0.80F 


DENSIt 
So 
fo2) 
Oo 
' 


OPTICAL 
Oo 
> 
S 
' 


oO 

ia] 

[=] 
' 





Fr 
conce 
DPN 
DHA 
500 ph! 


Fr 
The r 
that | 
tions, 
initia 


mole: 
tion 

react 
rate 

cones 
direc 
of res 


R. M. BURTON AND N. 0. KAPLAN 285 


the pH constant, the initial rates of reaction were increased. When the 
pH was constant at 9.7 and the initial concentration of DHA constant 
at 3.3 X 10-° moles per liter, the initial rate of reaction increased when the 
DPN concentration was increased from 1.7 X 10-? (Curve B) to 5.0 X 107 
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Fic. 1. The time-course of the DPN-DHA reaction; the effect of DPN and DHA 
concentration. The reaction mixtures contained potassium phosphate, 300 um and 
DPN and DHA in a total volume of 3.0 ml. (pH 9.8, 23°). Curve A, DPN, 0.5 um; 
DHA, 20 um; Curve B, DPN, 0.5 um; DHA, 100 um; Curve C, DPN, 0.5 um; DHA, 
500 uu; Curve D, DPN, 1.5 um; DHA, 100 um. The increase in optical density at 
340 mu was measured with a model DU Beckman spectrophotometer. 

Fig. 2. The effect of hydrogen ion concentration on the DPN-DHA reaction. 
The reaction mixture was the same as that for Fig. 1, Curve B, with the exception 
that the hydrogen ion concentration was varied as indicated. Under these condi- 


tions, the rate was linear over a 5-minute interval and was considered to be the 
initial rate. 


moles per liter (Curve D). The influence of the hydrogen ion concentra- 
tion is shown by the curve in Fig. 2, where the log of the initial rate of 
reaction is plotted against pH. It can be seen that at pH 8 the reaction 
rate is practically undetectable, but increases rapidly as the hydroxy] ion 
concentration is increased. The slope of the line is 1.0; this indicates a 
direct relationship between the hydrogen ion concentration and the rate 
of reaction. Studies carried out in other buffers, such as sodium pyrophos- 
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phate and potassium carbonate, eliminate the possibility that the ortho. 
phosphate buffer routinely used was essential for the reaction, since the 
reaction proceeds as well in these other buffers as in orthophosphate buffer. 

From these experiments it is apparent that DPN, DHA, and hydroxy! 
ions are required for the reaction. 

Paper Chromatography of DPN-DHA—The DPN-DHA product was 
run on Whatman No. 3 paper in an ascending chromatogram with a 
pyridine-water solvent system.? The Rr value for DPN-DHA was the 
same as that of DPNH, but differed from that of DPN. The acetone ad- 
dition product (4) ran to a spot distinct from either DPN or DPNH. 
DPN-DHA and related compounds may be located on chromatograms 
since they fluoresce; the property of fluorescing is also characteristic of 
DPNH and the acetone, the alkaline, and the cyanide products of DPN, 

Evidence That DPN-DHA Product Is Not DPNH—lIn order to deter- 
mine whether or not DPNH was produced, DPN and DHA were permitted 
to react at pH 9.7 and the resultant products were assayed for DPNH by 
adding acetaldehyde and yeast alcohol dehydrogenase. In the dihydroxy- 
acetone experiment (Fig. 3), no DPNH was formed, as indicated by a 
failure to show decreased optical density when acetaldehyde and alcohol 
dehydrogenase were added (indicated by the arrow labeled AD). In- 
cubating DHA and DPN in the presence of muscle triosephosphate dehy- 
drogenase showed an inhibition of the reaction rate, and upon assaying 
no DPNH was found. Similar results are presented in Fig. 3, glyceralde- 
hyde experiment, for the chemical reaction of DPN with GALD. In this 
experiment pyruvic acid and lactic acid dehydrogenase were added, as 
indicated by the arrow labeled LD, and used to assay DPNH. From the 
curves presented it is apparent that the product of the chemical reaction is 
not DPNH, whereas the enzymatic reaction with triosephosphate dehydro- 
genase did produce DPNH. Since the trioses react chemically with DPN 
‘ and since the product is not DPNH, it was thought that the DPN-GALD 
compound might be an intermediate in the enzymatic oxidation of trioses 
and that it might be a utilizable substrate for triosephosphate dehydrogen- 
ase. To test this possibility GALD and DPN were incubated for 20 
minutes at pH 9.7 and the change in optical density at 340 my was noted 
(Fig. 3, glyceraldehyde experiment). At the point indicated by the arrow 
labeled TPD, triosephosphate dehydrogenase was added and the change 
in absorption at 340 my for a 7 minute interval was noted. The reaction 
mixture was then assayed for DPNH. The change in optical density due 
to DPNH formed was equivalent to the 7 minute change produced after 
adding enzyme. The broken line represents a control experiment in 
which TPD was not added at the arrow. This means that the chemical 


* Burton, R. M., and San Pietro, A., unpublished data. 
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product is not an enzymatically active compound for triosephosphate de- 
hydrogenase and that the enzyme preparation retards the chemical reac- 
tions. The inhibition appears to be due to a non-specific effect of proteins 
and certain other nitrogen compounds. 
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Fig. 3. Analysis of the DPN-DHA reaction for DPNH. In the dihydroxyace- 
tone experiment; 600 um of potassium phosphate and 100 um of DHA were incubated 
ina final volume of 3.0 ml. at pH 9.8 (23°), with and without 0.5 mg. of TPD as noted. 
At the arrow labeled AD, 1000 um of acetaldehyde and 0.05 mg. of crystalline yeast 
alcohol dehydrogenase were added per cuvette to assay for DPNH. In the glycer- 
aldehyde experiment, the details are the same as for the DHA experiment, except 
100 um of GALD were substituted for DHA and the DPNH assay was made by add- 
ing 30 um of sodium pyruvate and 0.1 mg. of crystalline lactic acid dehydrogenase at 
the arrow labeled LD. The broken line represents a control in which TPD was not 
added at the arrow labeled TPD; for the solid line (closed circles), 0.5 mg. of TPD 
was added at the arrow. 


Specificity of Reactants—A number of carbonyl compounds were tested 
for ability to react chemically with DPN. Table I (Experiment A) pre- 
sents these compounds and their relative reaction rates compared to the 
reaction rate of DHA on an equimolar basis (DHA rate is arbitrarily set 
at 100). It was noted that in addition to GALD, mentioned earlier, 
glycolaldehyde, a-hydroxyacetophenone, ribulose, ribulose-5-phosphate, 
and to a very slight extent hydroxypyruvate were reactive. The results 
with ribulose and ribulose-5-phosphate might be interpreted to mean that 
ribulose exists only slightly in the furanose ring form, since the rates were 
similar, even though the 5 position was blocked by a phosphate group. 
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The results with the hexose phosphates could be interpreted to mean that 
the extended chain length inhibits the reaction or that the ring structures 
are too stable to allow the reaction to proceed. Other carbonyl com- 


TaBLeE [ 
Relative Reaction Rates of Various Organic Compounds with DPN 


In Experiment A, 600 um of potassium phosphate and 0.5 um of DPN were in- 
cubated with 100 um of the compounds listed in a final volume of 3.0 ml. at pH 98 
(23°). The reaction rates were determined by the increase in optical density at 340 
mu over a unit length of time. The relative rate of reaction is based on the DPN. 
DHA reaction rate as 100. In Experiment B, 200 um of potassium phosphate and 
0.5 um of DPN were incubated with 5 uM or less of the compounds listed in a final 
volume of 3.0 ml. at pH 10 (23°). The reaction mixture was adjusted to a concen- 
tration of 33 per cent ethanol by volume. When less than 5 um of the compounds 
was used, several concentrations were run and the rates extrapolated to the 5 um 
rate. The reaction rates were determined as described above. The relative rate 
of reaction is based on the DPN-DHA reaction as 100 in this reaction mixture. 


Relative reaction 
rate with DPN 


Relative reaction = 
Reactant rate with DPN Reactant 


Experiment A 











Dihydroxyacetone 100 Methylglyoxal 0 
Glyceraldehyde 50 Acetophenone 0 
Acetone 0 a-Hydroxyacetophenone 45 
Acetaldehyde | 0 a-Hydroxypropanone 0 
Glycolaldehyde 40 acetate 

Hydroxypyruvate 6 Ribulose 14 
Pyruvic acid 0 | Ribulose-5-phosphate 13 
Lactic acid 0 | Fructose-6-phosphate 0 
Bromopyruvic acid 0 Fructose-1 ,6-diphosphate 0 


Glucose-1-phosphate 0 


Experiment B 


Acetophenone 0 | Acetone* | 0 
a-Hydroxyacetophenone 65 | Dihydroxyacetone 100 
a-Bromoacetophenone 73 Chloroacetone 1600 
a-Chloroacetophenone 340 s-Dichloroacetone 5300 

Pentanedione-1 ,3 0 


* Acetone will react, if its concentration is increased 300-fold, with a rate of 10 
on the above scale. 


pounds of biological interest studied such as acetaldehyde, pyruvic acid, 
methylglyoxal, etc., did not react with DPN under these conditions. It 
is of interest to note that under conditions in which DHA reacts with DPN 


acetone does not. 
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It is of interest that all of the reactive carbonyl compounds possess a 
hydroxyl group @ to the carbonyl group. Since hydroxyl groups are elec- 
tron-attracting, other electronegative groups were substituted for the a- 
hydroxyl group in an effort to determine whether the hydroxyl group 
itself was necessary for the reaction or whether the hydroxyl group acted 
by virtue of its electron-attracting properties. Table I (Experiment B) 
presents data that compare the ability of a number of a-substituted car- 
bonyl compounds to react with DPN. Since a number of these compounds 
possess low water solubility, the rate comparisons were made in a 33 per 
cent aleohol-water medium; the rates were based on the reaction of DHA 
with DPN as 100 in this solvent. It is apparent from the acetophenone 
series that as the electron-attracting ability of the a substituent is increased 
the rate of reaction is increased. ‘Thus, acetophenone is unreactive, while 
a-hydroxyacetophenone is reactive, a-bromoacetophenone is more reactive, 
and a-chloroacetophenone is much more reactive. The second series shows 
essentially the same effect. Acetone is unreactive, while dihydroxyacetone 
is reactive, chloroacetone is very reactive, and s-dichloroacetone is ex- 
tremely reactive.‘ These data may eliminate the possibility that the 
reaction is a condensation of DHA with DPN through the hydroxyl oxy- 
gen. The data support the known ionization of ketones in the presence of 
hydroxyl ions, leading to a negatively charged a-carbon (Reaction 1). 


act 1 te + -OH = CH,—C—-CH + Ht + -OH (1) 
| 
Oo R O R 


Increasing the electronegativity of R should result in a greater extent of 
ionization of the ketone. It must be noted, however, that 1 ,3-pentane- 
dione has a reactive methylene group, yet fails to react with DPN under 
our conditions. The steric requirements of the nicotinamide ring may be 
too great to allow the 1,3-pentanedione to react. This is suggested by 
the difference in the rate of reactions of DHA and GALD; the steric hin- 
drance of the carbon a to the carbonyl carbon of GALD is greater than that 
of the a-carbon of DHA. 

In order to determine the specificity of the pyridine nucleotide reactant, 
anumber of pyridine nucleotides (7.e., DPN, TPN, and NMN), nicotin- 
amide riboside, and several pyridine derivatives were studied (Table IT). 
N-Methylnicotinic acid iodide and nicotinamide were inactive; N'-methy]l- 
uicotinamide iodide showed slight activity, while the pyridine nucleotides 
were very active. Compared to the rate of DHA combining with DPN, 
uicotinamide riboside reacted at 92 per cent of the rate, while NMN and 
TPN reacted at 65 per cent and 30 per cent of the rate, respectively. It 
is of interest that the reaction rates of the two nucleotides (NMN and 


‘See foot-note to Table I. 
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TPN) possessing free organic phosphate groups were significantly slower, 
Several TPN preparations were examined and all reacted much more 
slowly than DPN, thus supporting the validity of this observation. The 
essential structure seems to be the nicotinamide riboside moiety, since 
the riboside reacted at a rate comparable to that of DPN. 

Dielectric Constant Effect—It was found that the rate of reaction of DHA 
or chloroacetone with DPN was a function of the dielectric constant of the 
medium. Reaction of 1.67 X 1077 m DPN with 3.33 X 10-§ m DHA or 
3.33 X 107 m chloroacetone in an ethanol-water medium at pH 10 re- 
sulted in an increase in the initial reaction rate as the ethanol concentration 
was increased. This would indicate an increasing reaction rate with a 
decreasing dielectric constant of the solvent. At dielectric constants of 


TaBLeE IT 
Relative Reaction Rates of Nicotinic Acid Derivative with Dihydroxyacetone 


The details given in Table I apply here, except that 100 um of DHA and 0.5 um of 
the nicotinic acid derivative were added in a final volume of 3.0 ml. 


Nicotinic acid derivatives Relative reaction rate with DPN 
Es Rn eect et any yodgis ee ore) Bed ste la 100 
re Ne Seat Bee eae cree ek ie: 30 
I Se cos hed Lato ee ee 65 
Se ree a GIO erie eh 92 
N'-Methylnicotinamide iodide................... 2.4 
N'-Methylnicotinie acid “  ..... cece cscs ecceseses 0 
ae a ig keep ia ls ce eta mcg 0 





82, 72, 62, and 59, the initial reaction rates (30 seconds) for DHA and 
chloroacetone were 2.5, 4.9, 12.0, 16.8 & 10-° and 6.2, 14.4, 22.2, 262 
X 10-5 moles per liter per minute, respectively. Since the log of the 
initial reaction rate is a linear function of the reciprocal of the dielectric 
constant, these results can be interpreted to mean that the rate-limiting 
step of the reaction is ionic in nature; 7.e., ions reacting to yield a non-ionic 
compound. This is consistent with the data presented for the reaction and 
with the concept that the rate-limiting step is the attack of the nucleo- 
philic (carbonyl compound) ion upon the positively charged pyridine ring. 

Ultraviolet Spectrum of DPN-DHA and NR-DHA—Fig. 4 presents the 
ultraviolet spectrum of DPN-DHA at pH 10 from 220 to 400 my and com- 
pares it to the spectrum for DPN. While the data are not indicated on 
the curve, the spectrum for DPNH (17) at the same concentration is 
almost identical with the DPN-DHA (pH 10) curve. The production of 


the same chromophore group by the DHA addition to DPN as that pos 
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sessed by DPNH suggests strongly that the products are closely related 
and that perhaps the mechanisms involved in the addition of DHA to 
DPN and the formation of DPNH may be very similar. Fig. 5 shows the 
spectra of nicotinamide riboside and of NR-DHA. It can be seen that the 
peak at 340 my is typical of DPNH and DPN-DHA and that the loss 
of the nicotinamide peak at 260 my is as expected for an addition to a 
double bond on the nicotinamide ring (18). Fig. 4 shows a similar de- 
crease in absorption at 260 my though a large peak remains, owing to 
absorption by the adenine moiety. 
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Fig. 4. The ultraviolet spectrum of DPN, DPN-DHA, and acid-treated DPN- 
DHA. Each cuvette contained 200 um of potassium phosphate and 0.15 um of DPN 
per 3.0 ml., total volume, of water (pH 10, 23°). Curve DPN-DHA (pH 10) (A) 
represents the addition of 100 um of DHA to the above reaction mixture, followed by 
4 hours incubation (23°). Curve DPN-DHA (pH 1) (@) represents the acidifica- 
tion of DPN-DHA with 5 n HCl to pH 1, followed by 10 minutes incubation (23°). 
A curve of DPN is presented for comparison (O). A reference cuvette containing 
200 um of potassium phosphate in 3.0 ml. H:O was used. 


Effect of Strong Acid on DPN-DHA and NR-DHA Products—The in- 
stability of DPNH in an acid environment is well known (17, 19). Haas 
(19) has shown that strong acids on DPNH produce a strong absorption 
peak at 290 my, with concurrent loss of absorption at 340 my. Figs. 4 
and 5 show that the DPN-DHA and NR-DHA compounds behave in a 
similar manner. A comparison of the spectra of the products at pH 10 
and pH 1 at 290 mu and 340 my shows the magnitude of the peak at 
290 mu and the complete disappearance of the peak at 340 mu. An im- 
portant difference exists in the acid products of DPNH and DPN-DHA in 
that the rate of formation of the 290 mu peak for DPN-DHA is about 
one-tenth that of DPNH and the 290 my peak of DPNH decays rapidly, 
while the DPN-DHA 290 my peak is stable. Identification of the 290 mu 
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chromophore and subsequent products should lead to a better understand- 
ing of the chemical reactivity of DPN. 

Preliminary studies have shown that strong acid treatment (pH 1) of 
the DPN-DHA compound leads to a splitting of the nicotinamide-riboge 
linkage, yielding a product from the nicotinamide moiety absorbing at 
290 my and adenosine diphosphate ribose. The ADPR moiety has been 
characterized by Dowex 1 ion exchange chromatography, paper chroma- 
tography (20), the 2,4-dinitrophenylhydrazine-potassium hydroxide test 
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Fig. 5. The ultraviolet spectrum of NR, NR-DHA, and acid-treated NR-DHA. 
The experimental details of Fig. 3 apply here except that 0.35 um of NR was sub- 
stituted in all cuvettes for DPN. 












and splitting by snake venom pyrophosphatase to yield 5-adenylic acid, 
which is reactive with Schmidt’s specific deaminase (21, 22).® 

It has been noted by Haas (19) that bisulfite salts added to DPNH before 
acidifying stabilize the 290 my peak. Similar experiments in which DHA 
was added to the DPNH before acidifying did not show stabilization of the 
290 mu peak. The decay curve of the 290 mu absorption peak is identical 
for DPNH alone and DPNH with DHA. Hence dihydroxyacetone does 
not act like bisulfite in stabilizing the acid product of reduced DPN. 

While all of the work on the acid products has been done at pH 1, a slow 


5 5-Adenylic acid deaminase was purified by the procedure of G. Nikiforuk and 
8. P. Colowick (unpublished). 
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production of material absorbing at 290 my is found at pH 4.7 from DPNH. 
It is interesting that DHA increases the rate of this reaction at pH 4.7. 
A similar catalysis by triosephosphate dehydrogenase has been reported 
by Krebs and Rafter (23). Preliminary specificity studies have shown 
that, while DHA is active, glyceraldehyde and glycolaldehyde are inactive 
as catalysts for the acid decomposition of DPNH. At this pH the 290 my 
product is stable, and lowering the pH to 1 catalyzes the rapid destruction 
of the 290 mu chromophore. It thus appears that the dihydroxyacetone- 
catalyzed breakdown of reduced DPN is not related to the DHA addition 
to the oxidized DPN. Work on the identification of the acid products 
and the mechanisms involved is currently in progress and will be reported 
elsewhere. 


DISCUSSION 

The reaction of DPN with DHA and hydroxy] ions yields a product that 
is extremely similar to DPNH. Comparison of the ultraviolet spectra 
of DPN-DHA and DPNH has shown them to be identical. Both DPN- 
DHA and DPNH are stable to alkali and are acid-labile. These two com- 
pounds differ in their enzymatic reactivity (DPNH is active enzymati- 
cally; DPN-DHA is inactive in the enzyme systems tested). 

DPNH is destroyed in at least two steps: (1) a rapid decomposition to a 
material absorbing at 290 my, (2) which decomposes more slowly to yield 
products possessing no ultraviolet absorption at 290 or 340 my; residual 
absorption is found at 260 my, owing to the adenine moiety. DPN-DHA, 
however, is decomposed to the 290 my-absorbing chromophore, which is 
stable both to strong acids and bases. 

It is of interest to compare the reaction of DHA with DPN with the other 
known addition reactions. This reaction differs from the cyanide reaction, 
in which the spectrum of the product has an absorption maximum of 325 
mu instead of 340 mu. The DPN-cyanide compound dissociates rapidly 
when the cyanide concentration is lowered (2), in contrast to the results 
obtained with DPN-DHA, in which dissociation has not been demon- 
strated. The DPN-cyanide compound is acid-labile, similar to DPNH 
and DPN-DHA. The bisulfite reaction differs completely from the action 
of DHA with DPN. The bisulfite reaction occurs best in neutral medium; 
the product dissociates as the medium is made more alkaline and DPN is 
regenerated (2). The addition of bisulfite salts to DPNH at pH 1 stabilizes 
the 290 mu-absorbing product, while the addition of DHA does not sta- 
bilize the DPNH acid product. This suggests that bisulfite (7.e., the sulfur 
compound that exists at pH 1 and corresponds in valence to sulfurous acid) 
can add to DPNH at a point not necessarily related to the point of addition 
ofhydrogen atoms or DHA. The catalysis of the mild acid decomposition 
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of DPNH by DHA to yield a stable (at pH 4) product absorbing at 290 mz 
has not been explained. The possibility that DHA exchanges with hy- 
drogen on DPNH seems to be ruled out, since further acidification of the 
medium to pH 1 causes the rapid decay of the band at 290 mu. The DPN- 
DHA 290 mu-absorbing product is relatively stable at pH 1. The acetone 
reaction with DPN requires very drastic alkaline conditions (4), while the 
DHA reaction can occur under much milder conditions. All of these 
results suggest that the chemical reaction of DPN with DHA and related 
compounds may give a more exact insight into the biological reactivity of 
the pyridine nucleotides than the other chemical addition reactions men- 
tioned above. 

The extremely slow reaction of DHA with N'-methylnicotinamide iodide 
and the differences in absorption spectra greatly support the idea that 
the N!-methylnicotinamide salt is not a good model compound for DPN.' 
Schlenk (18) suggests that nicotinamide riboside would make a better model 
compound than N'-methylnicotinamide salts. The evidence presented 
here lends support to this suggestion. NR reacts with DHA at about the 
same rate as does DPN, as opposed to the slower rate of nicotinamide 
mononucleotide and the very slow reaction of N'!-methylnicotinamide io- 
dide. The spectrum of NR-DHA resembles that of DPNH at 340 mp 
more closely than does the spectrum of reduced N'-methylnicotinamide or 
N'-methylnicotinamide-DHA. 

It is interesting that DHA reacts only with pyridine compounds that 
have a quaternary nitrogen in the ring and possess an amide group. The 
amide requirement is suggested from experiments with N'!-methylnicotinic 
acid salts and N'-methylnicotinamide iodide. The cyanide addition re- 
action (2) and, in so far as it has been studied, the enzymatic reactions of 
DPN have the same pyridine ring requirements. The nicotinamide con- 
tribution to the 260 my band is apparently associated with the quaternary 
nitrogen and is lost upon reduction (19) and upon the addition of DHA. 
This is illustrated by the changes at 260 my» when NR is reduced or on 
addition of the dihydroxyacetone to nicotinamide riboside. 

From the data presented it is clear that the reaction described requires a 
carbonyl compound activated by an electronegative substituent on the 
a-carbon, an N'-substituted nicotinamide derivative, and an alkaline me- 
dium (i.e., strong base). The base requirement and the electronegative 


* It has been suggested by Doering and McEwen (24) that acyl pyridinium salts 
are substituted at the 4 position, while alkyl pyridinium salts are substituted at the 
2 position. This could explain the differences between the spectra of reduced DPN 
and reduced N!-methylnicotinamide; DPN is reduced at the 4 position (25); the N’- 
methylnicotinamide salt is probably reduced at the 2 or 6 position. This difference 
in position of substitution would then place the use of N!-methylnicotinamide salts 
as model compounds in disfavor. 
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substituent on the carbonyl compounds were discussed in the experimental 
section. It was suggested that these requirements are best explained by 
the ionization of the carbonyl compound as formulated in Reaction 1. It 
was shown that the ultraviolet spectrum of the DPN-DHA compound was 
virtually identical with that of DPNH. Since DPN is reduced both en- 
zymatically and chemically in the 4 position (25), it appears likely that 
the carbonyl base adds to DPN at carbon 4.’ Addition at either the 
2 or 6 position should produce different ultraviolet spectra.* (The spec- 
tra for the 2- and 6-pyridone compounds of N'-methylnicotinamide differ 
(26).) ‘The increasing rate of reaction caused by decreasing the dielectric 
constant of the medium indicates that the reaction proceeds through an 
ionic step that is rate-limiting. The following possible mechanism is 
strongly suggested by the observations presented in this paper: (1) the 
pyridinium compounds exist in solution as resonating structures in which 
the positive charge is distributed between the 1, 2, 4, and 6 positions; 
(2) the carbonyl compound ionizes under the influence of a base, as formu- 
lated in Reaction 1; and (3) the carbonyl base attacks the positively charged 
4 position of the pyridinium ring, forming the addition compound (Reac- 
tion 2). 





CH; 
| 
Cc=0 
H H—C—R, H 
a. Zo 
x. 4 VA (2) 
‘ / \-C c 
CH;-C—C—H + H \ = | \wyu, 
\w7 NH: \ 
Oo R 1 i 
R2 Re 


The carbon-carbon bond is suggested as being the most likely in view 
of the work of Doering and McEwen (24); however, the possibility that 
the carbonyl base enolizes (Reaction 3) and forms the addition compound 
through a carbon-oxygen bond has not yet been fully eliminated for this 
reaction. 


CH,—C—CH = CH;,—C=CH (3) 


| | | 


OR OR 


In order to establish the exact nature of the bond and the position of 


7 Doering and McEwen (24) have shown conclusively that acetophenone and cy- 
clohexanone add to N!-benzoylpyridinium chloride at carbon atom 4. 
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addition on the pyridine ring, work is in progress on the isolation and proof 
of structure of the addition compound. 
It has been postulated that coenzymes combine chemically (or enzymati- 
cally) with substrates to produce addition compounds that are then en- 
zymatically decomposed to yield products (6, 27-30). While the DPN- 
DHA and DPN-GALD compounds do not react enzymatically with triose- 
phosphate dehydrogenase, these addition compounds of DPN and their 
acid products are being further studied as models. 


The authors wish to thank Professor $8. Winstein and Professor Alsoph 
Corwin for their stimulating discussions of this problem. The work of 
Mr. Francis Stolzenbach in preparing the enzymes used is gratefully ae- 
knowledged. 


SUMMARY 


1. The reaction of dihydroxyacetone (and similar a-hydroxy carbonyl 
compounds) with diphosphopyridine nucleotide (and related N?-nicotin- 
amide derivatives) has been described. It was found that the rate of 
reaction is dependent upon the concentrations of the nicotinamide deriva- 
tives and the carbonyl compounds as well as upon the pH and the dielectric 
constant of the solvent. The product is shown to be different from reduced 
diphosphopyridine nucleotide. 

2. The resemblance of the dihydroxyacetone-diphosphopyridine nucleo- 
tide compound to reduced diphosphopyridine nucleotide has been noted and 
discussed in detail. The compound fluoresces, is acid-labile, producing a 
stable fluorescent product, and has an ultraviolet spectrum which appears 
to be identical with the spectrum of reduced diphosphopyridine nucleotide. 

3. The dihydroxyacetone-diphosphopyridine nucleotide compound has 
been found to be inactive in the muscle triosephosphate dehydrogenase 
reaction as well as in the yeast alcohol dehydrogenase and muscle lactic 
acid dehydrogenase reactions. 

4. The acid decomposition of dihydroxyacetone-diphosphopyridine nu- 
cleotide gives rise to adenosine diphosphate ribose and to a product from 
the nicotinamide moiety which absorbs at 290 mu. The latter product is 
stable, in contrast to the corresponding product from reduced diphospho- 
pyridine nucleotide, which rapidly decomposes. The ultraviolet spectra 
for the acid decomposition product are presented for both the dihydroxy- 
acetone derivatives of diphosphopyridine nucleotide and nicotinamide ri- 


boside. 

5. The possible mechanisms of the dihydroxyacetone-diphosphopyridine 
nucleotide reaction are presented, and the relationships of the reaction to 
the action of pyridine nucleotides are discussed. 
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THE MONOESTER PHOSPHATE GROUPING OF COENZYME A* 
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Coenzyme A (CoA) has been found to contain three phosphate groupings 
per molecule (4, 5). One of these has been found in the monoester form, 
since 1 mole of phosphate is liberated from 1 mole of CoA by the prostatic 
monoesterase (4, 5). This monoester phosphate has been ascertained to 
be on the adenylic acid moiety of the coenzyme (6). Through the use of a 
specific 3’-nucleotidase (1), preliminary evidence has been obtained indi- 
eating that CoA is a 3’ derivative (2). In contrast, triphosphopyridine 
nucleotide (TPN) contains a monoester phosphate in the 2’ position (7). 
The present paper presents detailed information showing the differences 
in position of the monoester linkage of CoA and TPN. 


Materials 


Two samples of CoA were used in this study. One had an activity of 
390 units per mg. and was kindly supplied by Dr. F. Lipmann and Dr. G. 
D. Novelli. The second was a preparation obtained from the Pabst Lab- 
oratories and assayed 270 units per mg. TPN was obtained from the 
Sigma Chemical Company and was a preparation of 75 per cent purity. 

The specific 3’-nucleotidase was obtained from barley and rye grass by 
the methods outlined by Shuster and Kaplan (1). Prostatic phosphatase 
was prepared by Markham and Smith’s procedure (8) and phosphotrans- 
acetylase by the method of Stadtman (9).!. The specific 5’-adenylic acid 
deaminase was purified by the method of Nikiforuk and Colowick.2 The 
taka-diastase deaminase used was the purified preparation of Kaplan, Colo- 
wick, and Ciotti (10). 5’-Nucleotidase from potato was purified according 


* Contribution No. 56 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, the Williams-Waterman Fund, and the Rockefeller Foun- 
dation. 

In earlier communications (1, 2), the terms a and b were used to denote the posi- 
tion of the phosphate grouping on the isomeric nucleotides. Since it has now been 
established by Khym et al. (3) that the a nucleotides are 2’ compounds and the b are 
3’ derivatives, we shall use the terms 2’ and 3’ in this communication. 

t Lalor Predoctoral Fellow. 

1 We wish to thank Dr. Earl A. Stadtman for a preparation of the phosphotrans- 
acetylase. 

* Nikiforuk, G., and Colowick, S. P., in preparation. 
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to Kornberg and Pricer (7). Nucleotide pyrophosphatase was obtained 
from snake venom powder (Crotalus adamanteus) by dissolving 5 mg. of 
powder in 1 ml. of H;O and removing the insoluble material. Intestinal 
adenosine deaminase was prepared from the Armour intestinal phosphatase 
preparation according to the procedure of Kornberg and Pricer (11). 


Results 


Action of 3’-Nucleotidase on CoA—Gregory et al. (4) have shown that the 
prostatic monoesterase acts on CoA and removes one phosphate group, 
This product is inactive in the phosphotransacetylase reaction (12). The 
compound which is formed from the action of monoesterase has been termed 
dephosphorylated coenzyme A (DPCoA) (13). The specific 3’-nucleotidase 
from barley, which attacks monoester groupings only in the 3’- and not 


TABLE | 
Splitting of CoA by 8'-Nucleotidases 
0.05 um of CoA (370 units per mg.) were incubated with 0.05 ml. of 3’-nucleotidase 
and 0.01 ml. of Tris buffer (0.5 mM, pH 7.5) at 37° for 60 minutes. 


Arsenolysis of | Acetylation of 


Inorganic P | “acetyl POs? | sulfanilamidet 

uM units unils ; 
CoA (0.05 um).. 0 14.8 14.8 
(0.05 ‘* ) + 3’-nucleotidase. . 0.052 0 13.9 


* Carried out by the procedure of Stadtman, Novelli, and Lipmann (14). 
t Method of Kaplan and Lipmann (15). 


2’- or 5’-nucleotides (1), liberates 1 mole of phosphate per mole of coen- 
zyme A (Table I). As indicated in Table I, the barley enzyme also inacti- 
vates the coenzyme for the phosphotransacetylase reaction. Treatment 
with the 3’-nucleotidase does not inactivate the coenzyme for the acetyla- 
tion of sulfanilamide system of Kaplan and Lipmann (15); this is also the 
case with the action of the prostatic enzyme on CoA. 

The monoester phosphate grouping in TPN is not attacked by the 3’-nu- 
cleotidase (1). This confirms Kornberg and Pricer’s finding that the TPN 
is a 2’ derivative and would also indicate that the monoester linkages in 
coenzyme A and TPN are located in different positions of the adenosine 
ribose moiety. 

Although the specific 3’-nucleotidase does not attack TPN, the unspecific 
prostatic enzyme liberates the monoester phosphate of TPN to form di- 
phosphopyridine nucleotide (DPN) (10). This is indicated in Table II, 
where the activities of the prostatic enzyme on 2’-adenylic acid and TPN 
are compared. As can be seen from Table II, the enzyme acts on the 
mononucleotide 900 times as rapidly as on TPN. 
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Table II also compares the action of the prostatic enzyme on CoA and 
3'.adenylic acid. The data indicate that it takes approximately 400 times 
more prostate enzyme to split 1 um of phosphate from CoA than from the 
3’-adenylate. In contrast, CoA and 3’-adenylic acid are attacked by the 
specific 3’-nucleotidase at about equal rates (1). The great differences in 
the action of prostatic enzyme on the monoester groupings of the coen- 
zvmes and on the mononucleotides certainly suggest that the specificity 
of the enzyme is much greater than was previously indicated. However, 
the 3’-nucleotidase, although specific in its action with respect to the po- 
sition of the phosphate, seems to handle more complex compounds almost 
as well as mononucleotides. This is illustrated by the action of the 3’ en- 
zyme on CoA. 


TaBLeE II 


Action of Prostatic Phosphatase on Adenylic Acids, TPN, and CoA 
The incubation mixture consisted of 3 um of substrates and 0.1 m acetate buffer, 
pH 5.1, in a volume of 2.0ml. In the case of the mononucleotides, a smaller amount 
of enzyme was used. All values are corrected for controls and calculated to the 
same basis. 


Substrate um P “~~ 0.2 ml. Rate compared to TPN 
Ae jeoaws ee 0.9 1.0 
CoA.... errr ree 5 Sin dak Anse I ; 2.5 | 2.8 
5'-Adenylic acid. . Soutien 376.0 418 
-Adenylic “ ........ page asucela Cee 820.0 | 910 


3’-Adenylic “ ..... aniedeadenicee 1032.0 1182 


Comparison of Diphosphoadenosine Fragments from CoA and TPN— 
Since both CoA and TPN contain a diphosphoadenosine component in 
their structure, a comparison between the diphosphoadenosine fragment 
from CoA with that from TPN would give an idea as to the nature of the 
monoester phosphate in CoA. If the diphosphate from CoA is identical 
with that from TPN, the monophosphate group in CoA must be in the 2’ 
position. If the diphosphates are different, then the CoA derivative must 
be 3’,5’-diphosphoadenosine, in contrast to the 2’,5’-diphosphate from 
TPN. 

200 y of CoA (370 units per mg.) and 200 y of TPN (80 per cent pure) 
were incubated separately with 0.1 ml. of snake venom extract, 30 um of 
MgCl., and 250 um of Tris(hydroxymethyl)aminomethane (Tris), pH 7.5, 
in a total volume of 0.38 ml. After 60 minutes of incubation at 37°, the 
reaction was stopped by placing the mixture in a boiling water bath for 2 
minutes. The mixture was then placed on Whatman No. 3 filter paper 
and developed with a Carter solvent system (16) of 5 per cent NasHPO, 
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and isoamy] alcohol. The spots on the filter paper were located with q 
Mineralight lamp. The R, values for the diphosphoadenosine fragments 
from CoA and from TPN are 0.83 and 0.85, respectively. Although the 
difference in the rate of migration of these two compounds is rather small, 
yet their relative positions on a paper chromatogram were constant in sey- 
eral trials. The small difference is actually expected, since with a phos. 
phate group in the 5’ position common to both compounds the difference in 
the rate of migration of these two compounds should be smaller than that 
between 2’- and 3’-adenylic acid. It thus appears from the chromato- 
graphic data that the fragments from the two coenzymes are different. 
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Fig. 1. Formation of 5-adenylic acid from CoA but not from TPN split-products. 
Split-products of CoA and of TPN, eluted from the paper chromatogram (see the 
text), were incubated with 3’-nucleotidase and then tested with 0.02 ml. of 1:10 
5’-adenylic acid deaminase in citrate buffer, pH 6.5. 


5-Adenylic Acid from Diphosphoadenosine Fragment of CoA—The diphos- 
phoadenosine fragments of both CoA and TPN were cut from the filter 
paper as described above and eluted with water. To 0.2 ml. of the eluates 
were added 0.02 ml. of the purified 3’-nucleotidase and 10 um of Tris (pH 
7.5); the mixture was incubated for 30 minutes at 37°. After the incuba- 
tion period, the mixtures were heated and then diluted with 0.1 citrate 
buffer (pH 6.5) to a volume of 3 ml. The specific 5’-adenylic acid deami- 
nase from muscle was added and the deamination followed at 265 mz. 
As can be seen from the data in Fig. 1, deamination occurs only with the 
fragment from CoA. This indicates that only the CoA fragment yields 
5’-adenylic acid on treatment with the 3’-nucleotidase. The diphospho- 
adenosine fragment from TPN is 2’,5’-diphosphoadenosine; this compound 
is not attacked by the 3’-nucleotidase, and hence no 5/-adenylic acid is 





form 
illust 
TPN 

Sir 
extra 


separ 
is ess 
batin 
uct, | 
nucle 
fragn 
Th 
CoA, 
papel 
mixtt 
Ad 
toget! 
result 
snake 
acid, 
snake 
miner 
Fig. 2 
The ¢ 
betwe 
I 80. 
mg. 0 
MgCl 
at 37° 
isociti 
mide 
The r 
Nicot 
2’,5'-¢ 
osine 
pound 
tainin 
mercu 
was tl 
remov 
7 Ap 
before 








ha 
ants 

the 
vail, 
sev- 
hos- 
e in 
that 
ato- 


lucts. 
e the 
F 1:10 


phos- 
filter 
uates 
; (pH 
cuba- 
itrate 
eami- 
) mp. 
h the 
yields 
spho- 
yound 
cid is 





YUM 


WANG, SHUSTER, AND KAPLAN 303 


formed by the action of this enzyme. The data presented in Fig. 1 clearly 
illustrate the differences in positions of the monoester linkages of CoA and 
TPN. 

Similar results can be obtained by incubating CoA with the snake venom 
extract and then treating with the 3’-nucleotidase without chromatographic 
separation. In order to obtain 5’-adenylic acid under these conditions, it 
js essential to inactivate the snake venom system by heating before incu- 
bating with the 3’ enzyme. Otherwise, adenosine would be the end-prod- 
uct, since the snake venom contains a potent 5’-nucleotidase. The 5’- 
nucleotidase from snake venom does not attack the diphosphoadenosine 
fragments from either CoA or TPN. 

The 5’-adenylic acid liberated from the diphosphoadenosine fragment of 
CoA, after treatment with the 3’-nucleotidase, was further established by 
paper chromatography. In a 5 per cent NasHPO,-isoamyl alcohol solvent 
mixture, the product moves at the same rate as the authentic 5’-adenylate. 

Adenosine from Coenzyme A, But Not from TPN—If CoA is incubated 
together with the 3’-nucleotidase and the crude snake venom extract, the 
resulting product is adenosine. This occurs through the action of the 
snake venom pyrophosphatase and the 3’-nucleotidase to form 5’-adenylic 
acid, which is then dephosphorylated by the specific 5’-nucleotidase of the 
snake venom to yield adenosine. The adenosine liberated can be deter- 
mined with the adenosine deaminase from intestine. This is illustrated in 
Fig. 2. TPN treated under identical conditions does not yield adenosine. 
The above results again indicate a difference in the monoester groupings 
between CoA and TPN. 

Isolation of 2’,5'-Diphosphoadenosine and 3’ ,5'-Diphosphoadenosine—50 
mg. of TPN were incubated with 2 ml. of snake venom extract, 20 um of 
MgCl., and 300 uo of Tris (pH 9.5) in a total volume of 3 ml. and incubated 
at 37°. The splitting of the TPN was followed by using the TPN-specific 
isocitric dehydrogenase from pig heart (17). The formation of nicotina- 
mide mononucleotide and diphosphoadenosine was complete in 23 hours. 
The reaction mixture was then placed on a Dowex 1 formate column. 
Nicotinamide mononucleotide is not adsorbed on this column, whereas the 
2',5’-diphosphoadenosine is removed. After washing, the diphosphoaden- 
osine was eluted with 0.02 n HNO; + 0.02 Nn NaNO; mixture; the com- 
pound could be followed by the absorption at 260 my. The eluates con- 
taining the compound were combined (27 ml.) and 1 ml. of 20 per cent 
mercuric acetate (in 0.1 Nn HAC) was added. The resulting precipitate 
was then suspended in a small volume of H,0 and treated with H.S. After 
removal of the sulfide, the solution was aerated and assayed for adenine 

* Approximately 50 ml. of 0.02 n HNO; + 0.02 nv NaNO; mixture were required 
before the diphosphoadenosine fragments appeared in the eluates. 
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and total organic phosphate. The ratio of adenine to total P was found 
to be close to 1:2. Approximately 40 um of compound were recovered in 
this solution. 

50 mg. of CoA were treated with snake venom in the same way as with 
the TPN. The splitting was followed by the phosphotransacetylase assay, 
The reaction was somewhat slower than the TPN splitting, and complete 
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Fic. 2. Formation of adenosine from CoA, but not from TPN. Curve 1, 50 y0 
TPN were incubated with 0.2 ml. of snake venom extract, 0.05 ml. of 3’-nucleotidase, 
4 um of MgCls, and 50 uo of Tris buffer, pH 7.5, in a total volume of 0.44 ml. at 37° 
for 60 minutes. Then the mixture was tested with 0.01 ml. of 1:10 intestinal adeno- 
sine deaminase in phosphate buffer, pH 7.5. Curve 2, same as Curve 1, but without 
3’-nucleotidase; Curve 3, same as Curve 2, but with CoA (370 units per mg.) instead 
of TPN; Curve 4, same as Curve 1, but with CoA (370 units per mg.) instead of 
TPN. 


hydrolysis of the CoA occurred after about 5 hours. After placing the re- 
action mixture on a Dowex 1 formate column, the 3’ ,5’-diphosphoadenosine 
was eluted with the 0.02 n HNO; + 0.02 n NaNO; mixture. The CoA 
product is eluted from the column with approximately the same volume as 
is the 2’,5’-diphosphoadenosine. In contrast to the 2’ ,5’-diphosphoaden- 
osine, the 3’,5’-diphosphoadenosine is not precipitated by the mercuric 
acetate. It was found necessary to add lead acetate (0.5 ml. of a 25 per 
cent solution) to precipitate the 3’,5’ compound. ‘The lead salt was de- 
composed with H.S and the solution aerated. 22 um of the compound 
were obtained by this method. A ratio of adenine to total P of close to 
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1:2 was found. The CoA product was attacked by 3’-nucleotidase, lib- 
erating 1 mole of P, and resulted in the formation of 5’-adenylate. No in- 
organic P was obtained by the action of the 3’ enzyme on the TPN product. 
Deamination of Diphosphoadenosine by Taka-diastase Deaminase—It has 
been reported previously (10) that the deaminase from taka-diastase at- 
tacks 3’-adenylic acid, but not 2’-adenylic acid. Therefore, it was of in- 
terest to test the action of the enzyme on the diphosphoadenosine com- 
pounds. As can be seen from the data in Table III, the taka-diastase 
deaminase catalyzes the deamination of the diphosphoadenosine fragment 
from CoA, but does not attack the TPN fragment. This further indicates 
a difference in the position of the monoester grouping of CoA and TPN. 
Action of 5'-Nucleotidase from Potato on Diphosphoadenosine—The 5’-nu- 
cleotidases from snake venom and bovine seminal fluid do not liberate the 


Taste III 
Deamination of Diphosphoadenosines from TPN and CoA by Taka-diastase Deaminase 
The final concentration of nucleotide in all cases was 8 X 10-? Mm. The reaction 


was carried out in 0.1 m phosphate (pH 6.8) and started with 35 units of purified 
deaminase. Results in optical density units. 


Decrease in E2es | 2’-Adeny late 3’-Adenylate | TPN fragment CoA fragment 
min. — F 
1 0.006 0.040 0 0.010 
2 0.002 0.082 0 0.018 
5 0.004 0.132 0.002 0.033 
10 


0.004 0.190 0.004 0.049 


5! grouping from the diphosphoadenosine fragment of TPN (7). Kornberg 
and Pricer (7), however, have found that the potato 5’-nucleotidase will 
attack the 5’ grouping of the TPN fragment and yield 2’-adenylic acid. 
This finding was used by these authors as a basis for establishing that the 
TPN molecule contained a monoester grouping in the 2’ position. It was, 
therefore, thought that by the use of the potato enzyme the 3’-adenylate 
could be obtained from the diphosphoadenosine fragment of CoA. How- 
ever, all of our potato fractions would attack 3’-adenylic acid as well as 
the 5’-nucleotide, even at pH 9.5. The ratio of 5:3 activity was approxi- 
mately 6:1 at pH 9.5. There was no splitting of 2’-adenylic acid at this 
pH. Hence, any attempts to obtain 3’-adenylate from the CoA product 
with the potato enzyme resulted in the liberation of more than 1 mole of 
phosphate per mole of compound, and usually close to 2 moles of inorganic 
P were obtained. ‘This is illustrated in Table IV. The TPN derivative 
yielded close to 1 mole of phosphate per mole of compound (Table IV), in 
confirmation of the experiments of Kornberg and Pricer. Because of the 
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association of 3’-nucleotidase activity with the 5’-nucleotidase prepara. 
tion, the isolation of 3’-adenylic acid from the CoA fragment could not be 
achieved. The data in Table IV, however, further indicate a difference in 
the position of the posphate grouping in the two diphosphoadenosines, 
since the CoA fragment yields close to 2 moles of phosphate per mole, 
whereas the TPN product gives only 1 mole of phosphate under identical 
conditions. 

Preparation of TPN with Monoester Grouping in 3’ Position—Much of 
the evidence which has been presented for a difference in the positions of 
the monoester grouping of CoA and TPN has been based on the action of 
the specific 3’-nucleotidase. If TPN contained a phosphate in the 3’ po- 
sition, it was our view that the 3’ enzyme would attack the monoester 
grouping. Therefore, we prepared TPN with a monoester grouping in the 


TaBLe IV 
Splitting of Diphosphoadenosines by Potato 5'-Nucleotidase 
The reaction was carried out at pH 9.2 in 0.1 m glycylglycine buffer with 0.1 ml, 
of potato fraction and 0.2 um of each compound in a total volume of 0.5 ml. 


Phosphate liberated 


Compound sentence 
Experiment 1* Experiment 2 
BM uM ‘i 
Diphosphoadenosine from TPN........... 0.21 0.18 
sy OY Ms sist sas: 0.38 0.32 


* Incubated 60 minutes at 37°. 
f Incubated 30 minutes at 37°. 


3’ position to see whether the 3’ enzyme would liberate phosphate from 
such a compound. 

Brown and Todd (18) have found that acid causes a migration of phos- 
phate between positions 2’ and 3’ and, with 2’- and 3’-nucleotides, yields 
an equilibrium mixture under these conditions. We have been able to 
isomerize the natural TPN and obtain a mixture of two isomers. One is 
the natural TPN containing the monoester in the 2’ position; the second 
is a 3’ derivative. The results of such isomerization experiments are sum- 
marized in Table V. 

As can be seen from the data, no phosphate is liberated from the control 
TPN by the 3’ enzyme; however, over 40 per cent of the monoester phos- 
phate is liberated from the isomerized material. This indicates an equilib- 
rium mixture of the two forms of the coenzyme after the acid treatment. 
There is no DPN present, in either the control or isomerized preparations. 
Treatment, however, with the 3’-nucleotidase results in the formation of 
DPN from the isomerized material. The amount of DPN formed is al- 
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most stoichiometric with the amount of inorganic phosphate liberated. No 
DPN is obtained from the normal TPN. The fact that phosphate is lib- 
erated from the isomeric material and that DPN results from this reaction 
indicates the presence of TPN with a monoester grouping in the 3’ posi- 


tion. The finding that isomerization of TPN does result in material which 


TABLE V 
Isomerization of TPN 

All values in micromoles. 20 mg. of Sigma No. 85 TPN were allowed to stand in 
1.0 ml. of 0.5 N HCl for 24 hours at room temperature. 5 volumes of cold acetone 
were then added. The resulting precipitate was spun down, washed with 5 volumes 
of acetone, and dissolved in 2.0 ml. of HO. The amount of compound was assayed 
by the cyanide procedure (19). DPN was determined before and after treatment 
with 3’-nucleotidase by the t use of cry rystalline yeast alcohol dehydrogenase (20). 





Experiment 1 Experiment 2 


Control Isomerized 


Control | Isomerized 
een : a aad 
ere eee 0.890 0.857 0.422 | 0.412 
Inorganic phosph: ste split | by 3’-nue leotidase. 0.006 0.334 0.009 0.173 
REEL hi Wah shan ea xan eheaea 0 | O 0 0 
“ after action of 3’-nucleotidase.. . 0 | 0.340 0 0.133 
TaBLe VI 
Analysis of Dephosphorylated CoA 
Adenine* Riboset a | Phosphate 
ee 0.78 0.75 0.73 1.43 
Ratio to ribose. . 1.04 1 0.97 1.91 


° Estim: ated | by ‘ultr aviolet absorption at 260 my, based © on a millimolar absorp- 
tion coefficient of 16,000. 

t Determined by the orcinol method with adenylic acid as the standard (21). 

t Determined by the procedure of Novelli, Kaplan, and Lipmann (22). 
to thank Dr. 


We wish 
Robert Van Reen and Miss Grace Cunningham for these assays. 


is susceptible to the action of the 3’ enzyme further strengthens our view 
of the nature of the monoester phosphate in CoA. 

Preliminary experiments have indicated that CoA can also be isomerized. 
The biological activities of the 3’-TPN and the 2’-CoA will be described 
elsewhere. 

Preparation of DPCoA—40 mg. of CoA (270 units per mg.), dissolved in 
70 mg. of water (pH about 3.5), were neutralized with solid KHCO; to 
pH 7.5. With occasional stirring or shaking, the solution was kept at 
toom temperature until the characteristic odor of —SH compounds dis- 
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appeared. 5 ml. of 3’-nucleotidase were added to the solution, which was 
then incubated at 37°. Small samples (corresponding to 10 units of CoA) 
were taken after 2 hours incubation for the arsenolysis test. As soon as lj 
the CoA was dephosphorylated (indicated by a negative arsenolysis test), 
the solution was evaporated under reduced pressure to a small volume 
(about 8 ml.). Some precipitate formed at this stage was removed by cen. 
trifugation. The clear solution was then acidified to about pH 4 with 4 
N HNOs, and 6 volumes of cold acetone (—15°) were added to the acidi- 
fied mixture. After standing in a deep freeze (— 15°) overnight, the precipi. 
tate was collected by centrifugation. It was then redissolved in a small 
volume of water (5 ml. of water) and reprecipitated with acetone as before. 
Any insoluble materials were removed by centrifugation or filtration before 
the acetone was added. 40 mg. of DPCoA of 50 per cent purity were ob- 
tained. Analyses were made for its adenine, ribose, pantothenate, and 
phosphate content; the findings are summarized in Table VI. 


SUMMARY 


The specific 3’-nucleotidase from barley or rye grass has been found to 
hydrolyze the monoester phosphate grouping of CoA to form dephosphoryl- 
ated CoA. The 3’ enzyme does not attack the monoester grouping of 
TPN. 

The unspecific monoesterase from prostate attacks the primary mono- 
ester grouping of CoA at approximately 1/400th that of 3’-adenylic acid, 
and the monoester phosphate of TPN at a rate approximately 1/900th 
that of 2’-adenylic acid. 

Through the use of the snake venom pyrophosphatase, the diphosphoade 
nosine fragments of CoA and TPN have been obtained. The fragments 
from the two coenzymes have been found to be different by paper chroma- 
tographic techniques. The diphosphoadenosine from CoA yields 5’-adeny- 
lic acid on treatment with the 3’-nucleotidase and yields adenosine when 
it is treated with the 3’ enzyme and the 5’-nucleotidase from snake venom 
together. 5’-Adenylic acid or adenosine is not formed from the diphos- 
phoadenosine fragment of TPN under identical conditions. The taka-dia- 
stase deaminase attacks the diphosphoadenosine fragment from CoA, but 
not from TPN. 

Consideration of the above data places the monoester grouping of CoA 
at the 3’ position on the adenosine moiety of the molecule, and confirms 
Kornberg and Pricer’s finding that TPN is a 2’-adenosine derivative. Fur- 

4 CoA in the —SH form is not split by the 3’-nucleotidase. This is due to the in 


hibition by the SH group, as it has been shown that cysteine and reduced glutathione 
are strong inhibitors of the enzyme (1). 
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rh Was | ther evidence is also given for the difference in positions of the monoester 
CoA groupings of the two coenzymes. 

1 as all Isomerization of TPN by acid yields two forms of TPN. One contains 
test), |, monoester grouping in the natural 2’ position; the second has the mono- 
olume ester linkage as a 3’ grouping. The 3’-nucleotidase liberates phosphate 
Y cen- | from the 3’ isomer to form DPN. 


with 4 The isolation of dephosphorylated CoA from the action of the 3’-nucleo- 
acidi tidase on CoA is described. 
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KINASES FOR THE SYNTHESIS OF COENZYME A AND 
TRIPHOSPHOPYRIDINE NUCLEOTIDE* 


By T. P. WANG ano NATHAN O. KAPLAN 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland 


teceived for publication, July 27, 1953) 


Enzymes capable of phosphorylating DPN! to TPN by ATP have been 
found in yeast (1, 2), pigeon liver (3), and rabbit liver and kidney (4). 
The enzymes from yeast and from rabbit tissues have been purified (2, 4), 
whereas the pigeon liver enzyme was assayed only in crude extracts. 
DPCoA has been found to be inactive in the phosphotransacetylase reac- 
tion of Clostridium kluyveri (5). However, the DPCoA is active in the 
routine pigeon liver sulfanilamide acetylation system of Kaplan and Lip- 
mann (6). In this system, since ATP is added, it is possible that the 
DPCoA is rephosphorylated to intact CoA. Incubation of DPCoA with 
ATP and a crude pigeon liver extract leads to the formation of CoA, which 
is then active in the phosphotransacetylase reaction (7). 

In the preceding paper (8), evidence was presented for the position of 
the monoester phosphate group of CoA to be on the 3’ position of the adeno- 
sine moiety, in contrast to the third phosphate of TPN, which is a 2’ group- 
ing. Since pigeon liver extracts are able to phosphorylate both DPCoA 
and DPN, it was of interest to ascertain whether the reactions were cata- 
lyzed by one or two enzymes. ‘The present communication deals with the 
separation of the kinase for the synthesis of CoA from DPCoA from the 
enzyme which converts DPN to TPN. Some of the properties and speci- 
ficities of the two kinases are also presented. 


Materials 


Acetone powder of pigeon liver was prepared according to the procedure 
of Kaplan and Lipmann (6). The TPN-specific isocitric dehydrogenase 


* Contribution No. 57 of the McCollum-Pratt Institute. Aided by grants from 
the Williams-Waterman Fund, the American Cancer Society, as recommended by 
the Committee on Growth of the National Research Council, and the Rockefeller 
Foundation. 

! The following abbreviations will be used: triphosphopyridine nucleotide (TPN), 
diphosphopyridine nucleotide (DPN), coenzyme A (CoA), dephosphorylated coen- 
zyme A (DPCoA), adenosinetriphosphate (ATP), adenosinediphosphate (ADP), 
inosinetriphosphate (ITP), adenosinediphosphate ribose (ADPR), adenylic acid 
(AMP), reduced TPN and DPN (TPNH) and (DPNH), tris(hydroxymethyl)amino- 
methane (Tris). 
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from pig heart was made by the method of Grafflin and Ochoa (9), and 
TPN glutathione reductase was prepared as described previously (10), 
Yeast alcohol dehydrogenase was crystallized by Racker’s procedure (11), 
The liver alcohol dehydrogenase, also a crystalline enzyme, was obtained 
by the method of Bonnichsen (12). Glucose-6-phosphate dehydrogenase 
was purified by the procedure outlined by Kornberg (2). Phosphogluconic 
acid dehydrogenase was kindly supplied by Dr. B. L. Horecker. Phos. 
photransacetylase was prepared from C. kluyveri? by the method of Stadt- 
man (13). 

DPN was a product of approximately 90 per cent purity and was obtained 
from the Sigma Chemical Company. ATP and CoA (270 units per mg.) 
were obtained from the Pabst Laboratories. ADP was prepared from ATP 
by the hexokinase method; ITP by deamination with nitrous acid (14), 
DPCoA was prepared by dephosphorylation of CoA with the specific 
barley 3’-nucleotidase (8). Desamino DPN (14), DPNH (15), and ADPR 
(16) were obtained by procedures described previously. Luciferin and 
luciferase were generously supplied by Dr. W. D. McElroy. 

Isocitrate was obtained by alkaline hydrolysis of the isocitric lactone. 
Acetyl phosphate was a commercial preparation supplied by the Krishell 
Laboratories, Inc. 


Methods 

Assay for DPN Kinase—The following procedure was used in following 
the purification of DPN kinase. DPN 3.37 um, ATP 4 uM, nicotinamide 
5 uM, MgCl, 5 uM, Tris buffer 50 um, pH 7.5, and a suitable amount of en- 
zyme in a total volume of 0.5 ml. were incubated at 37° for 60 minutes. 
0.5 ml. of water was then added to the mixture and the diluted mixture 
heated in boiling water for 2 minutes. After removing the coagulated 
protein, an aliquot of the clear supernatant was taken for the assay of TPN 
by the isocitric dehydrogenase method. 

Enzyme activity under the above conditions was expressed in micro- 
moles of TPN formed per hour. The specific activity, defined as the units 
of enzyme activity per hour per mg. of protein, was used as the index of 
purity. 

Nicotinamide was used to inhibit the DPNase activity in the crude ex- 
tract. In the purified system, the inclusion of nicotinamide was not neces- 
sary. 

Assay of DPCoA Kinase Activity—The activity of DPCoA kinase was 
assayed by the arsenolysis of acetyl phosphate by phosphotransacetylase 


* We wish to thank Mr. Robert M. Burton, of this laboratory, for the dried cells 
of C. kluyveri. 
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method (17), in which the CoA formed from the phosphorylation of DPCoA 
was assayed. The system for the conversion of DPCoA to CoA consisted 
of the following components: DPCoA 50 7, ATP 2 um, MgCl, 5 uM, cysteine 
3 um, Tris 40 ue, pH 8.2, and a suitable amount of enzyme in a total volume 
of 0.5 ml. The reaction mixture was incubated at 37° for 30 minutes and 
then treated in a boiling water bath to stop the reaction and also to dena- 
ture any acetyl phosphatase that might be present in the enzyme prepara- 
tion. It was found necessary to observe this step, especially in crude ex- 
tracts, since with the hydroxamic acid method for acetyl phosphate (18) 
it is not possible to determine whether the disappearance of acetyl phos- 
phate was obtained through the action of phosphotransacetylase or was 
the result of the hydrolysis by acetyl phosphatase. The heated mixture 
was then assayed for its CoA content by the phosphotransacetylase method 
of Stadtman ef al. (17). Enzyme activity was expressed in units which 
were defined as the formation of 1 unit of CoA per 30 minutes under the 
above conditions. Specific activity was then the amount of CoA (in units) 
formed per mg. of protein per 30 minutes. 
Protein was determined by the method of Lowry et al. (19). 


Results 


Partial Purification of DPN Kinase—6 gm. of pigeon liver acetone powder 
were extracted with 70 ml. of ice-cold 0.02 m KHCO;. The extraction was 
facilitated by using a TenBroeck homogenizer kept in an ice bath. (All 
subsequent operations were made at 0-5°.) The homogenate was then 
centrifuged at 18,000 r.p.m. for 15 minutes to remove the insoluble residue. 
The supernatant solution (51 ml.) was dark red in color, with a specific 
activity of DPN kinase of 0.0178. 

Protamine Precipitation—A 0.2 per cent protamine sulfate solution in 
0.04 m Tris buffer (pH 7.5) was added slowly with stirring to the crude ex- 
tract. The precipitate formed immediately during this addition. As soon 
as no further precipitate occurred, the addition of the protamine solution 
was discontinued. In general, about 2 volumes of the protamine solution 
were required for 1 volume of the crude extract. The protamine precipi- 
tate, collected by centrifugation at 4000 r.p.m. for 10 minutes, was extracted 
twice with 20 ml. each of a 0.2 m acetate buffer, pH 5.0, the residue after 
the acetate buffer extract was discarded. The volume of the combined 
acetate extract was 37 ml., specific activity 0.469. The supernatant solu- 
tion from the protamine precipitation contains the DPCoA kinase, the 
purification of which will be described later. 

Adsorption on Alumina Cy—An equal volume of water was added to the 
acetate extract. To the diluted extract (74 ml.) were added gradually 18.5 
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ml. of alumina Cy (dry weight, 16.3 mg. per ml.). After standing in the 
cold with frequent stirring for 10 minutes, the mixture was centrifuged at 
4000 r.p.m. for 10 minutes. The supernatant fluid was discarded. The 
alumina residue was eluted three times with 18.5 ml. each of 0.2 m phos. 
phate buffer, pH 7.5, and then discarded. The total volume of the phos. 
phate eluate was 55 ml., specific activity 0.768. 

(NH,4)2SO, Precipitation—The DPN kinase was then concentrated by 
(NH,).SO, precipitation. An equal volume of (NH,)2SO, solution, satu- 
rated at room temperature, pH 7.1, was added to the phosphate eluate. 
The precipitate, collected by centrifugation, was dissolved in 4.5 ml. of 
0.02 m phosphate buffer, pH 7.5. The volume of the enzyme was 6.5 ml.. 
with a specific activity of 0.828. 


TaBLe | 
Purification of DPN Kinase 


For the experimental details, see the text. 


Fraction Volume Protein po a Yield 
ml. mg. per ml unils 
KHCO; extract 51 30.9 0.0178 28 .2* 
Acetate 37 5.2 0.469 90 
Cy eluate 55 1.8 0.768 75.6 
(NH,)2S0, fraction 6.5 10.7 0.828 57.7 


* See the text for explanation. 

The over-all yield of the enzyme from the acetate extract was 64 per cent, 
and the purification from the crude extract was 46.5-fold. The low specific 
activity in the crude extract is probably due to the presence of inhibitors 
or competitive enzymes such as ATPase, nucleotide pyrophosphatase, etc., 
in the crude extract. The steps in the purification of the DPN kinase are 
summarized in Table I. The purified enzyme can be dialyzed against 0.02 
mM NaHCO; at 7° for 8 hours without loss in activity. It is also stable to- 
wards freezing and thawing. Storage at —15° for 4 months resulted in 
little loss of activity. The preparation contains little or no DPCoA kinase 
activity. 

Components Required for DPN Kinase Activity—The components in the 
DPN kinase reaction are summarized in Table IT. Omission of either 
Mg*+ ion, ATP, DPN, or enzyme does not lead to formation of TPN. 

ATP Requirement—The response of the enzyme to various concentra- 
tions of ATP is shown in Fig. 1. With as low a concentration as 1.54 X 
10“ Mm ATP, a measurable amount of TPN was formed. The ATPase ac- 
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tivity in the purified enzyme preparation appears very low. This was 
indeed found to be the case, since very little inorganic P was released when 
ATP was incubated with the purified enzyme. 


TaBLe II 
Components Required in DPN Kinase System 
The complete experiment contained DPN 1.35 um, ATP 4 um, MgCl. 5 um, enzyme 
1.07 mg., and Tris buffer (pH 7.5) 100 um in a total volume of 0.55 ml. The other 
experiments contained all the components except the one omitted, as indicated. 
All experiments were incubated at 37° for 1 hour. 


TPN formed 

















uM 
Complete system 0.753 
Without DPN 0 
- ATP Me: 0 
- = rhbae i bes 0.027 
a4 enzyme 4 0 
1.0 
—.) 
~~ 
= 
- 
~ O05 
= 
a 
f—- 
0 | 1 | 
5 10 15 
M X 10° ATP 


Fic. 1. Effect of ATP concentration on TPN formation. Each experiment con- 
tained the same amounts of DPN, MgCls, enzyme, and Tris as the complete experi- 
ment in Table II. Concentrations of ATP varied as indicated. 1 hour at 37°. 


Metal Ion Requirement—Either Mg** or Mn*+ ion can be used in the 
DPN kinase system. However, the optimal concentration of Mnt* is 
much smaller than that of Mg++. The amount of TPN formed also was 
significantly higher in the presence of an optimal concentration of Mnt+ 
than in the presence of an optimal concentration of Mg++. At higher con- 
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centration, Mn++ showed some inhibitory effect, whereas Mg** did not 
(Fig. 2). 
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Fig. 2. Effect of metal ion concentration on TPN formation. Experimental de- 
tails as in the complete experiment in Table II, with Mg** ion or Mn** ion as the 
only variable. 
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Fic. 3. Complete phosphorylation of DPN to TPN. Experimental conditions as 
in the complete experiment in Table II; incubation at 37° for various times, as indi- 
cated. 


DPN Requirement—The affinity between the enzyme and DPN is also 
very large. Even at such a concentration as 2.7 X 10-' m, DPN can be 
phosphorylated. The K,, for DPN has been found to be 6 X 10 M. 
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Complete Conversion of DPN to TPN—The conversion of DPN to TPN 
in systems previously studied either was of a low order of magnitude (as in 
yeast (2) and in rabbit tissues (4)) or decreased with the increase of incuba- 
tion time (as in rabbit kidney and liver (4))._ With the DPN kinase from 
pigeon liver, however, complete conversion of DPN to TPN can be obtained 
(Fig. 3). 


Taste III 
Inhibitors of DPN Kinase 
Experimental details as in the complete experiment of Table II, with addition of 
the amount of inhibitor as indicated. 





Inhibitors TPN formed Per cent inhibition 
“a uM uM 
None....... ; 0.754 
Adenosine..... 3.0 0.693 8.1 
Adenylic acid 2... 4.0 0.693 8.1 
“ we: 4.0 0.712 5.6 
- ie 4.0 0.619 17.9 
ADP... 4.3 0.430 43.0 
ADPR 4.2 0.463 38.5 
Desamino DPN 3.6 0.756 0 
DPNH.. 2.5 0.047 93.1 
és 0.8 0.119 84.2 
“ 0.08 0.597 20.8 
“ # 0.8 0.709 6 
DPUOA..... 2.2 0.751 | 0 


*4 um of DPNH were incubated with 0.5 mg. of snake venom nucleotide pyro- 
phosphatase free from 5-nucleotidase, 10 um of MgCls, and 20 um of NaHCO; in a 
total volume of 1.2 ml., incubated at 37° for 60 minutes. The completion of this 
splitting was indicated by the disappearance of DPNH as assayed with the alcohol 
dehydrogenase from yeast. The pyrophosphatase was then inactivated by heating 
ina boiling water bath for 2 minutes. 0.24 ml. of the heated mixture was used in 
the inhibition experiment. 


Inhibition of DPN Kinase—A group of compounds related to DPN has 
been tested for their effect on DPN kinase. The results are summarized 
in Table III. With the exception of desamino DPN, the more the com- 
pound resembles DPN, the greater inhibition it exhibits. DDPNH showed 
a particularly strong inhibition. When the DPNH was split by the snake 
venom nucleotide pyrophosphatase, the split-products showed much less 
inhibition, as in Table III. Thus the strong inhibition of DPNH must 
be related to its whole structure and is not due to any impurities present 
in that preparation. Contrary to DPNH inhibition, oxidized desamino 
DPN showed no inhibition at all. It is of interest to note that ADPR 
and ADP are stronger inhibitors than is 5’-adenylic acid. However, the 
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5’-nucleotide does inhibit somewhat, whereas the 2’ and 3’ compounds 
have little effect (Table ITI). 


















0.5 
0.4 (DPNH)=9.1 X 107M 
V 
O2 
-4 
Ky, =6.0 X 10M 
0.1 M 
0 | | l 
) 2 3 4 
+ (X 10°) 


Fig. 4. Competitive inhibition of DPN kinase by DPNH. Experimental condi- 
tions as in Fig. 3; concentrations of DPN varied. Concentration of DPNH as indi- 
cated. 


TABLE IV 
Phosphorylation of Various Nucleotides by Pigeon Liver DPN Kinase 
Each experiment contained 4 um of ATP, 5 um of MgCl, 100 um of Tris buffer 
pH 7.5, 1.07 mg. of enzyme or boiled enzyme, and pyridine nucleotide, as indicated, 
in 0.65 ml. Incubated at 37° for 60 minutes. 


Nucleotide ee | ee 
uM uM 
DPN 1.35 uM | Enzyme 0.28 | 0.81 
Boiled enzyme 187 0 
DPNH 0.83 um | Enzyme 0.45 0.07 
Boiled enzyme 0.70 0.04 
Desamino DPN 1.0 um Enzyme 0.79 0.02 
Boiled enzyme 0.84 0 
DPCoA 0.07 um Enzyme Not phosphorylated 


The reaction was stopped by beating in a boiling water bath for 2 minutes. In 
the DPNH experiments, 0.2 ml. of 0.1 N NaOH was added before heating. The 
solution was then cooled, neutralized with 0.1 N HCl, and centrifuged. DPN and 
DPNH were assayed by the yeast alcohol dehydrogenase, desamino DPN by the 
liver alcohol dehydrogenase, TPN by the isocitric dehydrogenase, TPNH by the 
glutathione reductase, and desamino TPN by the Zwischenferment and by the phos- 
phogluconic dehydrogenase. CoA was assayed with phosphotransacetylase 


Nature of Inhibition of DPN H—The inhibition of DPNH on DPN kinase 
can be overcome if the concentration of DPN increases. As is shown in 
Fig. 4, the inhibition of DPNH appears to be competitive in nature. 
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Specificity of DPN Kinase—Since DPNH competitively inhibits the 
DPN kinase, attention was centered on the possibility of phosphorylation 
of DPNH to TPNH. However, as indicated in Table IV, neither DPNH 
nor desamino DPN could be phosphorylated. DDPCoA was also not acted 
upon by the enzyme. The inhibition on the DPN kinase reaction by 5’- 
adenylic acid, ADPR, and ADP suggested that these nucleotides might also 
be phosphorylated in the 2’ position. However, all attempts to demon- 
strate phosphorylation of these compounds by the DPN kinase system 
have been unsuccessful. Thus it appears that the enzyme is specific for 
DPN. 

Specificity of Phosphorylating Agents -Among the phosphorylating agents 
investigated, only ATP produced any significant phosphorylation (Table 
Vy). The small amount of TPN formed with ADP might be due to the 


TABLE V 
Specificity of ATP for Pigeon Liver DPN Kinase Action 
Each experiment contained 1.35 um of DPN, 5 um of MgClo, 50 um of Tris buffer, 
pH 7.5, and phosphorylating agent, as indicated, in a volume of 0.8 ml. 


Incubated 
60 minutes at 37°. 
| 
Phosphorylating agent | TPN formed 
uM uM 

ATP 1 0.743 
ADP 6 0.074 
ITP 1.4 0.038 


presence of adenylic acid kinase in the preparation. The fact that ITP is 
not active, as well as the inactivity of the desamino DPN as an inhibitor 
of the reaction, indicates the essentiality of the amino groupings of DPN 
and ATP in promoting the reaction. 


Partial Purification of DPCoA Kinase 

The source of the DPCoA kinase used in this study was pigeon liver 
acetone powder. Duck liver acetone powder also contains the enzyme, 
and the method described here can be used for the extraction of DPCoA 
kinase from that source. 

The first two steps, extraction with KHCO, and precipitation with prota- 
mine, were the same as those described with the DPN kinase. The DPCoA 
kinase activity remained in the supernatant solution from the protamine 
precipitation. The volume of the crude extract was 51 ml., specific ac- 
tivity 34.1. The protamine supernatant fluid, 138 ml., specific activity 
34.3, gives little purification from the crude extract. 

Acetone Precipitation—To the protamine supernatant, solution cooled to 
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almost 0° in a salt-ice bath, were added slowly with stirring a stream of 150 
ml. of cold acetone (—15°). The temperature of the solution was kept be. 
low —3° after the addition of the first few ml. of acetone. The precipitate 
formed was centrifuged at 18,000 r.p.m. for 10 minutes and dissolved jp 
50 ml. of Tris buffer, 1 m, pH 8.2. Part of the precipitate does not go into 
solution. The acetone fraction was then dialyzed against 6 liters of cold 
solution of 0.02 m KHCO; and 0.2 per cent KCI for 6 hours. Some precipi- 
tate formed during dialysis plus the undissolved material originally present 
was removed by centrifugation. Good recovery was obtained by this pro- 
cedure, with approximately a 2-fold increase in purification. 

(NH,4)2SO, Fractionation—The acetone fraction was then fractionated 
with solid (NH,).SO,. Two protein fractions, precipitating at between 
20 and 40 per cent and 40 and 60 per cent saturation with respect to (NH,),- 
SO,, were collected. The precipitates were dissolved in a small volume of 
0.2 per cent KCl. 

The total yield was about 38 per cent (both (NH,).SO, fractions com- 
bined) and the purification 4.5-fold (40 per cent (NH,4).SO, fraction). The 
(NH4)2SO, fractions were stable at —15° for at least 2 months, without 
losing activity. Repeated freezing and thawing did not significantly alter 
the activity. The procedures used in the purification of the DPCoA kinase 
are listed in Table VI. 

Requirements of DPCoA Kinase System—lIn addition to DPCoA and en- 
zyme, ATP, Mgt", and cysteine are required for the formation of CoA 
from DPCoA (Table VII). Although Mg** is necessary for the phosphoryl- 
ation of DPCoA, the addition of fluoride (0.02 m) with or without inorganic 
phosphate (0.02 m) does not inhibit the reaction. The requirement of ATP 
is also specific; it cannot be replaced by either ITP or ADP. The effect 
of cysteine varies; in the crude extract the inclusion of cysteine usually 
gives no significant difference in the amount CoA formed. The acetone 
fraction or the (NH,).SO, precipitates, however, require cysteine for maxi- 
mal activity.’ 

In contrast to the DPN kinase, the DPCoA kinase is not inhibited to 
any significant extent by adenosine, 2-, 3-, and 5-adenylic acids, ADP, 
ADPR, and DPNH. DPN and desamino DPN also have no effect on 
the activity of this enzyme. 

Demonstration of Phosphorylation of DPCoA by Firefly System—McElroy 
and Coulombre‘ have made the interesting observation that after the initial 
flash, when luciferase, luciferin, Mg++, and ATP are mixed together, the 


3The DPCoA kinase of pig liver has been purified by Hoagland and Novelli. 
This enzyme also requires cysteine for activity (G. D. Novelli, personal communi- 
cation). 

‘McElroy, W. D., and Coulombre, J., in preparation. 
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light intensity of the firefly bioluminescence quickly diminishes to the basal 
level. Addition of CoA to the system produces immediately a significant 
increase of the light intensity, with a long duration. This effect cannot be 


reproduced with DPCoA. This system was thus used for the demonstra- 


TaBLe VI 
Purification of DPCoA Kinase 


For the experimental details, see the text. 


Fraction Volume Protein — Yield 
ml. mg. per ml. units 
KHCO; extract. 51 30.9 34.1 53,900 
Protamine supernatant 138 6.3 34.3 29 ,600 
Acetone fraction 60 5.8 69.7 24 , 200 
(NH,)2SO, fraction, 0.4 saturation. .. 4 9.9 153 | 6,050 
“ i 0.6 - ne 9 21.7 


74.3 | 14,500 
TaBLe VII 
Phosphorylation of DPCoA to CoA 
The complete experiment contained DPCoA 20 units,* ATP 2 um, MgCle 5 un, 
cysteine hydrochloride 3 um, Tris (pH 8.2) 40 um, and enzyme 0.05 mg. in a total 


volume of 0.5 ml. The other experiments contained all but one component of the 
complete system. Reactions carried out at 37° for 30 minutes. 


CoA formed 
: aca ae 
NE IN Be. 6: 535. Sed cei ssa Gracin Rina RES uaa ATS 7.6 
Without DPCoA.. vedio Sods Sie cae Fist crane ae 0 
“ ATP , oi ; kiwi plaice 0 
. eee 5 5 uit PRACT N Oe ane na ok Sa OR pester we sane 1.3 
4 cysteine whe 3.0 
enzyme 0 


* The unit of DPCoA is defined as the amount of DPCoA that can be converted 
into 1 unit of CoA under complete phosphorylation. 


tion of phosphorylation of DPCoA.® As is shown in Fig. 5, when the con- 
centration of DPCoA is kept constant, the effect on the light production 
is proportional to the amount of the DPCoA kinase added. With DPCoA 
alone (Curve E), no increase in light intensity was observed. Similarly, 
when the amount of enzyme was kept constant, the concentration of 
DPCoA became the determining factor (Fig. 6). From the data in Fig. 6, 


‘We wish to thank Dr. W. D. McElroy for his cooperation in these experiments. 








322 KINASES FOR SYNTHESIS OF COA AND TPN 





LIGHT UNITS 

















| | | 
0 2 4 6 8 10 12 14 
TIME IN MINUTES 


Fig. 5. Effect of DPCoA kinase concentration on the secondary light production 
of the firefly bioluminescence reaction. Each experiment contained ATP 2 uw, 
MgSO, 50 uM, luciferin 1 ml., luciferase 0.2 ml., cysteine 4 uM, glycine (adjusted to 
pH 8) 360 um, and DPCoA 100 y in a total volume of 10 ml. Curve A, 0.4 mg. of en- 
zyme; Curve B, 0.2 mg. of enzyme; Curve C, 0.1 mg. of enzyme; Curve D, 0.05 mg 


of enzyme; Curve E, no enzyme. Reaction carried out at room temperature. 
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Fia. 6. Effect of DPCoA concentration on the secondary light production of the 
firefly bioluminescence reaction. Experimental details in Fig. 5, with 0.2 mg. of 
DPCoA kinase in all cases. Curve A, 100 5 of DPCoA; Curve B, 60 » of DPCoA; 
Curve C, 40 y of DPCoA; Curve D, 20 ¥ of DPCoA. 
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the Km for DPCoA has been estimated to be 3 X 10-6 m. The kinase alone 
also does not have any effect on the light reaction. 


DISCUSSION 


The separation of the DPN kinase from the DPCoA kinase further 
strengthens our view that the monoester phosphate groups in CoA and in 
TPN are in different positions. The remarkable specificity of these two 
enzymes was quite unexpected. It is very likely that the two enzymes 
function in the last terminal steps for the synthesis of CoA and TPN, 

The DPN kinase from pigeon liver appears to be much more specific 
than the enzyme from yeast described by Kornberg (2), particularly since 
the yeast system phosphorylates reduced DPN and the pigeon liver enzyme 
does not. However, in the pigeon liver system the reduced nucleotide acts 
as a very strong competitive inhibitor of the oxidized form. It would ap- 
pear that the DPNH is bound by the enzyme, but that no transfer of 
phosphate takes place from ATP. The inactivity of the reduced compound 
may be due to the fact that a positive charge which is present in the oxidized 
DPN is required for the phosphate transfer. 

Although there is a positive charge in the desamino DPN molecule, the 
inactivity of this compound might be attributed to the requirement of the 
adenosine amino group for the enzyme action. The fact that desamino 
DPN does not inhibit the phosphorylation, whereas DPNH and other 
adenine compounds do, strengthens this view. A point of interest’ with 
respect to both the DPCoA and DPN kinases is the strong specificity of 
these enzymes, since other adenylic acid derivatives do not appear to be 
phosphorylated. 

DPCoA has a structural relationship to CoA, as DPN has to TPN. 
DPCoA is inactive in the routine phosphotransacetylase assay (17). How- 
ever, we have found that, when the concentration of the phosphotransacety- 
lase is increased 100-fold, the acetylation of DPCoA takes place. The re- 
activity of DPCoA in the phosphotransacetylase system is approximately 
1/100th that of intact CoA. This activity of DPCoA is analogous to the 
slow activity of DPN in the yeast phosphogluconic acid dehydrogenase 
system, which is primarily a TPN enzyme.*® 

Preliminary experiments with the aldehyde dehydrogenase from C. kluy- 
veri, described by Burton and Stadtman (20), indicate that the DPCoA 
reacts in this system at the same rate as does CoA. We are now deter- 
mining the activity of DPCoA in a number of CoA-dependent systems. 
The possibility that DPCoA can function in as yet undescribed systems in 
which CoA does not react remains to be investigated. 


* Neufeld, E. F., Kaplan, N. O., and Colowick, 8. P., in preparation. 
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SUMMARY 


The kinases for the synthesis of CoA and TPN from pigeon liver have 
been separated and partially purified. The kinase for the formation of 
TPN from DPN has been purified some 40-fold and has been found to 
convert DPN to TPN quantitatively. 

Reduced DPN does not act with the DPN kinase; however, the reduced 
compound has been found to be a very potent competitive inhibitor of the 
phosphorylation of the oxidized nucleotide. On the other hand, desamino 
DPN, which is also not phosphorylated, does not inhibit the enzyme, 
Adenosinediphosphate (ADPR) and ADP also inhibit the reaction, but 
require higher concentrations than the reduced DPN. ATP appears to 
be the specific phosphorylation reagent in the DPN kinase reaction. The 
K,, for DPN in the reaction is 6 X 10 Mo. 

Mg, ATP, and cysteine are the components essential for the phosphoryl- 
ation of DPCoA. ATP appears also to be the specific phosphorylating 
reagent in this reaction. 

A method for assaying the DPCoA kinase by use of the firefly lumines- 
cence system is described. Through this firefly system, the K,, for DPCoA 
has been determined to be 3 X 10-° a. 

Both the DPN and CoA kinases appear to be specific and will not phos- 
phorylate other adenylic acid derivatives. 

DPCoA has been found to react in the phosphotransacetylase reaction 
when large amounts of enzyme are used. Preliminary experiments indi- 
cate that DPCoA reacts at approximately the same rate as does intact 
CoA in the aldehyde dehydrogenase of Clostridium kluyveri. 
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GLUTATHIONE THIOLESTERASE 
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ae, 


It has been observed by Wieland and Bokelmann (1) and by Stadtman 
(2) that thiol esters readily engage in exchange reactions with other mer- 
captans in aqueous solution near neutral pH. In the experiments of Stadt- 
man, involving an exchange between acetyl coenzyme A and glutathione, 
the formation of S-acetyl glutathione led to an inquiry into the possible 
biological activity of this material. In preliminary experiments it was 
observed that S-acetyl glutathione rapidly disappeared in the presence of 
liver extracts and that the acyl group could be quantitatively recovered as 
acetic acid. It has since been possible to purify an enzyme from mouse 
liver extracts that is specific for the hydrolysis of some S-acyl derivatives 
of glutathione. This enzyme is distinct from liver esterase and glyoxalase 
II. This communication presents the preparation and some properties of 
the thiolesterase. 


Methods 

Substrates —Ethyl thiolacetate, butyl thiolacetate, acetyl coenzyme A, 
butyryl coenzyme A, and some of the S-acetyl glutathione were obtained 
from Dr. E. R. Stadtman. Acetyl thiolglycolic acid, ethyl acetate, ethyl 
butyrate, and acetyl choline were commercial products. N-Acetyl alanine 
was obtained from Dr. D. Steinberg. 

“Lactoyl” glutathione, the intermediate in the glyoxalase reaction, was 
prepared according to Racker (3), S-acetyl and S-butyryl glutathione were 
prepared by a method similar to that employed by Wilson (4) for the syn- 
thesis of acetyl eoenzyme A. 2 gm. of glutathione were dissolved in 20 
ml. of water, and 10 ml. of 95 per cent ethanol and 2.5 ml. of thiol acetic 
acid (Amend) were added. The thiol acetic acid was in an approximate 
j-fold excess. The mixture was stirred mechanically at room temperature. 
The reaction was followed by determining the optical density of a suitably 
diluted ether-extracted aliquot of the reaction mixture at 232 my in the 
Beckman spectrophotometer. Ether extraction is necessary for removal 
of unchanged thiol acid which also absorbs strongly in the neighborhood of 
232 mu. The solutions were buffered with 0.03 mM phosphate, pH 6.5. 
When the reaction was nearly complete as judged from change in optical 
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density (4 to 5 hours), the reaction mixture was extracted three times with 
2 or 3 volumes of ether. The aqueous solution was then diluted with 2 
volumes of acetone, and, after standing overnight, the thiol ester was 
removed by filtration and recrystallized by dissolving in a minimal volume 
of water and adding acetone slowly. The product melted at 203-205°, in 
agreement with Wieland and Bokelmann (1), and, relative to alanine as a 
standard, had a color intensity in the colorimetric ninhydrin procedure of 
Moore and Stein (5) of 94 per cent. The thiol ester content determined by 
the neutral hydroxamic acid procedure of Lipmann and Tuttle (6) was 94 
per cent of the anticipated value for S-acetyl glutathione. The compound 
has an absorption maximum at 232 muy, and at this wave-length the extine- 
tion coefficient was 4.72 X 10° sq. cm. per mole. The yield was 40 per 
cent. 

S-Butyryl glutathione was prepared in the same manner from gluta- 
thione and thiolbutyric acid. Thiolbutyric acid was prepared by the pro- 
cedure of Ellingboe (7) for thiolacetic acid. A fraction boiling at 52-54° 
at 45 mm. was collected. On the basis of the hydroxamic acid reaction this 
was 90 per cent pure. The S-butyryl glutathione obtained melted at 220- 
221° and showed a color equivalent of 0.91 in the ninhydrin reaction and a 
thiol ester equivalent of 0.91 by the neutral hydroxamic acid procedure. 
The extinction coefficient at 232 mu was 4.20 < 10%. The yield was 20 
per cent. 


Analytical Procedures 


Thiolesterase and Glyoxalase II Activity—Initially thiolesterase activity 
was determined by disappearance of hydroxamic acid-forming material, 
but at the suggestion of Dr. E. Racker we subsequently employed the ab- 
sorption maximum at 230 to 240 my (a general property of thiol esters 
(3, 8, 9)) in a procedure essentially similar to Racker’s method of assay for 
glyoxalase II (3). Unless otherwise specified, the medium was 0.0003 m 
thiol ester, 0.03 m phosphate buffer, pH 6.5, and 0.12 m KCl with a suit- 
able dilution of the enzyme in a final volume of 3.0 ml. The spectropho- 
tometer was set with a blank arbitrarily selected to give an initial optical 
density of 0.400 at 232 mu. 

Esterase Activity—The alkaline hydroxamic acid procedure of Hestrin 
(10) was employed for measuring esterase activity. The medium con- 
sisted of 0.005 m ethyl butyrate, 0.03 m phosphate, pH 6.5, and a suitable 
dilution of the enzyme in a final volume of 1.0 ml. The mixture was incu- 
bated at 28° for 0, 10, 20, and 30 minutes and the rate determined from the 
linear portion of the change in ester concentration. 

The behavior of the three enzyme assays with respect to time and enzyme 
concentrations is shown in Figs. 1 and 2. 
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For determination of specific activities protein was determined from 
spectrophotometric measurements at 280 and 260 my according to the pro- 
cedure of Warburg and Christian (11). 


Results 


Preparation of Thiolesterase—Although extracts of fresh liver and liver 
acetone powders of other species possess the ability to hydrolyze S-acety] 
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Fic. 1. Thiolesterase, glyoxalase II, and esterase activities as a function of time. 
O, thiolesterase, 0.19 mg. of protein per ml. of incubation medium; @, glyoxalase 
II, 0.15 mg. of protein per ml. of incubation medium; A, esterase, 0.15 mg. of protein 
per ml. of incubation medium.. Thiolesterase and glyoxalase II are referred to co- 
ordinates at the left and bottom; esterase activity is plotted according to coordinates 
at top and right. For other conditions see the text. 

Fic. 2. Thiolesterase, glyoxalase II, and esterase activities as a function of pro- 
teinconcentrations. O, thiolesterase; @, glyoxalase II; A, esterase. Thiolesterase 
and glyoxalase II are related to the ordinate at the left; esterase to the ordinate at 
the right. For other conditions see the text. 


glutathione, the purification procedure presented here worked most con- 
veniently with extracts of mouse liver. The usual starting material was 
the pooled supernatant fluids after removal of nuclear and mitochondrial 
fractions of 10 per cent, homogenates in 0.25 M sucrose. These were kept 
frozen, and when sufficient material had accumulated, usually 0.5 to 1.0 
liter, the material was thawed, centrifuged at 72,000 X g for 45 minutes, 
the precipitate discarded, and the supernatant solution assayed for thiol- 
esterase, glyoxalase II, and esterase activities. 
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Step 1—To the ultracentrifuged solutions were added 23 gm. of solid 
(NH4)oSO, for every 100 ml. of solution; the precipitate was removed by 
centrifugation, and for every 100 ml. of supernatant, fluid 30 gm. more of 
(NH4)2SO, were added, and the suspension was allowed to stand overnight. 
The precipitate was then collected by centrifugation, dissolved in water to 
about one-tenth the original volume, and dialyzed for 24 hours against 
several changes of 0.2 m KCI. 

Step 2—After dialysis the solution was cautiously adjusted to pH 4.7 to 
4.8 with 0.1 N acetic acid and allowed to stand in the cold. At intervals 
aliquots were removed, centrifuged, and the activity toward lactoyl gluta- 
thione was determined. When about 90 per cent of the glyoxalase I] 
activity had disappeared, the solution was centrifuged, the precipitate dis- 
carded, and the supernatant fluid adjusted to pH 6.0 to 7.0 with 1.0 y 
KHCO;. At this point the enzyme preparation was usually treated with 
calcium phosphate gel at a gel to protein ratio of 0.5. However, this did 
not ordinarily lead to any significant improvement in the specific activity 
of the thiolesterase which remained in the supernatant solution. 

Step 3—The enzyme solution was brought to 45 per cent saturation with 
saturated (NH,)2SO, and the precipitate removed by centrifugation and 
discarded. The (NH,4)2SO, concentration of the supernatant fluid was 
raised to 60 per cent saturation, and, after standing for about 1 hour, the 
precipitate was collected and dissolved in a small volume of water (about 
one-twentieth the volume of the original extract). The solution was then 
dialyzed against several changes of 0.2 M KCl for about 20 hours. 

Step 4—The dialyzed solution containing about 15 mg. of protein per ml. 
was then treated with a suspension of alumina Cy (about 20 mg. of dry 
weight per ml.). The gel was added in small increments, the specific ac- 
tivity of the supernatant solution was determined at each step, and the gel 
discarded until finally the major portion of the enzyme came out on the gel. 
This was removed by centrifugation and the enzyme eluted with 0.05 
phosphate, pH 6.5. The over-all recovery of the glutathione thiolesterase 
was about 5 per cent and the increase in specific activity about 10- to 20- 
fold. The data for one preparation are summarized in Table I. 

Substrate Specificity—The crude extracts of liver exhibit glyoxalase II 
and esterase as well as thiolesterase activity. The last may be differenti- 
ated from the others by its sensitivity to heating. This is demonstrated in 
Table II, which presents data for the inactivation of a thiolesterase prepara- 
tion, heated to 55° for 5 minutes, at the level of Step 1 in the preparation. 

By examining Table I it may be seen that glyoxalase IT is almost com- 
pletely removed at Step 2. On the other hand, the specific activity of the 
esterase did not undergo any consistent change throughout the manipula- 
tions, but the ratio of esterase to thiolesterase activities, initially 20:1, be- 
came 3:1 for the final preparation. 
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The preparations will not hydrolyze ethyl acetate or acetylcholine under 
the conditions employed, nor will they deacetylate N-acetylalanine. Of 
the other thiol esters, ethyl thiolacetate, butyl thiolacetate, acetylthiol- 
glycolic acid, acetyl coenzyme A, and butyryl coenzyme A, none was 
attacked by the purified enzyme. However, the crude preparations were 
able to hydrolyze butyl thiolacetate and acetyl coenzyme A slowly. 

Other Properties of Thiolesterase—The pH optimum of the thiolesterase 


TABLE I 
Preparation of Glutathione Thiolesterase from Mouse Liver 
Activities expressed in micromoles of substrate hydrolyzed per minute; specific 
activities in micromoles of substrate hydrolyzed per minute per mg. of protein. 


Acetyl Butyryl Lactoyl Ethyl 
glutathione glutathione glutathione butyrate 
Specific | Total | Specific _ Total Specific activity Total Specific Total 


activity | activity activity | activity | activity activity activity 


Crude extract.) 0.039* 240 0.068*, 398 0.132* 804 0.81*| 4960 
Step 1 0.034 | 110 0.052 | 167 0.087 268 0.78 | 2480 
a See 0.041 92.8 | 0.070 | 159 0.005 | 11.9 | 1.03 | 2300 
a 0.088 40.5 | 0.131 60.2 | No activity | | 1.43 661 


>! &. 0.284 12.0 | 0.369 | 15.8) ‘ be | 0.98 40.8 
] 


* Estimated from nitrogen determinations. 


TaB.e II 
Heat Inactivation of Glutathione Thiolesterase 


The results are expressed in micromoles of substrate hydrolyzed per minute per 
ml. of enzyme solution. 


Acetyl Lactoyl So heer itn 

glutathione glutathione Ethyl butyrate 
Control. . - ..| 0.105 | 0.332 5.5 
Heated ....-| No activity | 0.328 5.1 


appeared to lie between 7.0 and 7.5, but over the range of 6.5 to 8.0 the 
activity was relatively insensitive to changes in pH. 

No activator or cofactor requirements for the enzyme have been ob- 
served. The choice of buffer (phosphate) was not important except for 
its relatively low absorption at 232 mu. Experiments in which the neutral 
hydroxamic acid method of analysis and both histidine and phosphate 
buffers were employed gave similar results for both buffers. 

The reaction catalyzed by the enzyme is a hydrolysis. In one large 
scale experiment 76.5 um of S-acetyl glutathione were incubated with the 
enzyme. The decrease in density at 232 mu was followed on suitably 
diluted aliquots, and the reaction was virtually complete after 3 hours. 
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From the decrease in density it was determined that 73.7 um had been de- 
composed, while a determination of volatile acids (12) yielded 74.9 um, 
Since thiol acids as well as their esters have a strong absorption at 232 my, 
it may be concluded that the products were acetic acid and glutathione. 
The enzyme is sensitive to sulfhydryl reagents, being completely inacti- 
vated by 3 X 10-° m p-chloromercuribenzoate. Some reactivation by 
glutathione has been observed. In addition, old preparations that have 
lost activity were partially reactivated by preincubation with glutathione, 


DISCUSSION 


From the information presented here it is apparent that there is an 
enzyme (or enzymes) in liver capable of hydrolyzing S-acyl derivatives of 
glutathione which is not identical with glyoxalase II or liver esterase. 

It would appear that the enzyme is specific for thiol esters of the type of 
S-acetyl and S-butyryl glutathione. Measurements of the dissociation 
constant for the enzyme-substrate complex for S-acetyl glutathione gave 
values of 5 X 10~°, indicating the order of affinity. However, it should be 
observed (Table I) that the relative activity toward the two substrates is 
not the same for the crude and purified enzyme preparations, suggesting 
that more than one enzyme may be involved in the hydrolysis of the two 
substrates, in which case measurements of K,, are of limited significance. 

Although the participation of thiol acyl derivatives of coenzyme A and 
lipoic acid in metabolic processes has been demonstrated, no clear réle for 
glutathione in this regard has been reported. Since deacylation of meta- 
bolically active thiol esters has been observed, we were interested in the 
possibility that this process might occur through transfer to glutathione. 
However, with acetyl coenzyme A we were not able to demonstrate any 
influence of glutathione on the rate of deacetylation by use of crude liver 
extracts. 


SUMMARY 


An enzyme specific for the hydrolysis of glutathione thiol esters of the 
type of S-acetyl and S-butyryl glutathione has been prepared from mouse 
liver and differentiated from glyoxalase ITI and liver esterase. 
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AMINO ACID BIOSYNTHESIS IN ESCHERICHIA COLI: 
ISOTOPIC COMPETITION WITH C'-GLUCOSE 


By PHILIP H. ABELSON* 


From the Department of Terrestrial Magnetism, Carnegie Institution of Washington, 
Washington, D. C.) 


(Received for publication, July 27, 1953) 


The “isotopic competition’? method has been applied in this laboratory 
to a number of problems in microbial metabolism (1-4). Thus, it was 
found that certain exogenous unlabeled amino acids depress the incorpora- 
tion of exogenous C, supplied as C“Os, into the protein of Escherichia coli 
(3). The results obtained therefore provided a measure of the relative 
utilization of competing exogenous and endogenous amino acids. From 
the observed preferential utilization of some exogenous amino acids, several 
metabolic relationships were deduced. These studies have now been ex- 
tended to isotopic competition experiments with C'-glucose. The use of 
this radioactive compound instead of CO. has considerably increased the 
scope of this method. The present paper is concerned with the biosynthe- 
sis of a number of amino acids as well as with some features of the Krebs 
eycle in E. colt. 


Methods 


Cultural Methods—The general methods used have been previously de- 
scribed (3, 5). For the competition experiments a culture of EF. coli, strain 
B, growing exponentially at 37° in unlabeled glucose-salt medium, was cen- 
trifuged, and the bacteria were resuspended in fresh glucose-free salt’ me- 
dium to give an optical density of 0.075 at 650 my. 20 ml. aliquot cultures 
were placed in 500 ml. plastic bottles and randomly C-labeled glucose 
(10 ue., 4 mg. per bottle) and any of the desired unlabeled competitors (0.1 
to 0.2 mg. per ml.) were added. The bottles were stoppered and incubated 
with shaking at 37° until the optical density approximately doubled (1 
hour). 

Fractionation—The organisms were harvested and extracted successively 
with cold trichloroacetic acid, alcohol, aleohol-ether, and hot trichloroacetic 
acid (5). The resulting protein residues (about 1 mg. from each bottle) 
were hydrolyzed with 6 N hydrochloric acid at 110° for 15 hours. Excess 
hydrochloric acid was then removed by evaporation. 

Chromatograms and Radioautographs—Each hydrolysis residue was dis- 


*Now at Geophysical Laboratory, Carnegie Institution of Washington, Washing- 
ton, D.C, 
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solved in water and transferred to Whatman No. 1 paper for two-dimen. 
sional chromatography with secondary butanol-formic acid-water (70:10:- 
20), followed by phenol-water-28 per cent ammonia (80:20:1). The 
resulting chromatograms were dried and radioautographed. The radio. 
autographs revealed the location of the various amino acids; the chromat- 
ographic patterns obtained resembled a previously illustrated one (6), 
The radioactivity of the amino acids was determined in situ with a thin 
end window counter. A number of hydrolysis artifacts were noted, es- 
pecially in the case of the aromatic and sulfur-containing amino acids and 
histidine. Also, the chromatographic technique did not give complete rego- 
lution of all the amino acids. These shortcomings necessitated special pro- 
cedures in some cases. Cysteine and methionine were studied as cysteic 
acid and methionine sulfoxide after oxidation with hydrogen peroxide. In 
this manner a separation of methionine from valine was achieved. The 
unresolved amino acids, leucine, isoleucine, and phenylalanine, were studied 
either after resolution by separate chromatographic techniques or by an 
application of the isotopic competition method. It was found that effects 
on the radioactivity of any member of this trio could be examined by cultur- 
ing the bacteria in the presence of the respective unlabeled complementary 
pair, thus suppressing all radioactivity in these complementary amino acids: 
this procedure was validated by appropriate control experiments. 

Determination of Competition—The content of relevant amino acids in the 
protein residue was determined in experiments by using C"-glucose without 
addition of amino acids. Under these conditions the radioactivity of each 
amino acid furnishes a measure of its relative content in the protein. The 
results agreed well with values obtained by elution of the amino acids and 
determination by standard methods. The purity of the radioactive amino 
acids was checked by eluting, rechromatographing with the respective 
authentic carriers, and comparing radioautographs with ninhydrin spots on 
paper. Under the conditions employed, the amino acid composition of the 
bacterial protein residue was found approximately constant. The competi- 
tive effects of various supplements were studied in similar experiments in 
which the bacteria were cultured in the presence of the desired supple- 
ments. The effects obtained are expressed as per cent radioactivity of a 
given bacterial amino acid relative to control, z.e. as counts per minute of 
the amino acid per unit of protein from the competition experiment divided 
by counts per minute per unit of protein from the control experiment (with- 
out added amino acids) multiplied by 100. 

Compounds U'sed—The randomly labeled C-glucose was prepared from 
canna leaves (7, 8) with BaC™“O; (obtained from the Oak Ridge National 
Laboratory) as a source of C“O.. The L-amino acids used were commercial 
products. Several of the keto acids including d-a-keto-8-methylvaleric 
acid (the keto analogue of L-isoleucine) were kindly furnished by Dr. Alton 
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Meister. Synthetic N*-acetyl-L-ornithine and pL-glutamic y-semialdehyde 
were prepared by Dr. Henry J. Vogel. 


RESULTS AND DISCUSSION 


In the present experiments the added unlabeled carbon compounds were 
found either to be inactive as competitors with C'-glucose or to affect the 
radioactivity of a single amino acid or that of a group of amino acids. 
Families of metabolically related amino acids were thus discernible. The 
interpretation of isotopic competition results has been considered previ- 
ously (3). As discussed below, a finding of partial or complete competi- 
tion by an added substance with C"-glucose in the formation of a given bio- 
synthetic product is taken as an indication that the added substance is a 
‘normal’ precursor of this product; however, this method, like others, 
may not differentiate between a normal precursor and a substance which 
is readily transformable into a normal precursor or the final product. On 
the other hand, failure to obtain competition in a given pathway does not 
necessarily indicate that the substance tested is not an intermediate in 
this pathway. 

Glutamic Family—Evidence has previously been obtained that in E. coli 
glutamic acid gives rise to arginine via ornithine and citrulline (3). Orni- 
thine was recently shown to be formed from glutamic acid via N-acetylglu- 
tamic acid, N-acetylglutamic y-semialdehyde, and N*-acetylornithine (9, 
10, 4). Glutamic acid has also been reported to be metabolically related 
to proline in this species (11, 12), and glutamic y-semialdehyde, which is in 
equilibrium with the cyclized A'-pyrroline-5-carboxylic acid, has been shown 
to be an intermediate between glutamic acid and proline (13), but not be- 
tween glutamic acid and ornithine (10, 4). Competition experiments, as 
presented in Table I, are not only in qualitative agreement with the previ- 
ous findings but also provide evidence that glutamic acid and glutamic y- 
semialdehyde (4) are quantitatively major precursors of proline, and simi- 
larly that glutamic acid, N*-acetylornithine (4), ornithine, and citrulline 
are major precursors of arginine. The somewhat higher residual radioac- 
tivity of protein ‘arginine obtained with glutamic acid, ornithine, or N°- 
acetylornithine as competitor, compared to that obtained with citrulline or 
arginine as competitor, is probably due to incorporation of C"™, derived 
from the C'-glucose via COs, into the amidine carbon of arginine (3). 
These results thus support the accompanying pathways. 

glutamic y-semialdehyde — A'-pyrroline-5-carboxylic acid — proline 
ZA 
Glutamic 

aid \ 

N-acetylglutamic — N-acetylglutamic y-semialdehyde — N*-acetyl- 
acid ornithine — 
ornithine — citrulline — arginine 
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Aspartic Family—Competition studies with aspartic acid revealed that 
addition of this amino acid diminishes the incorporation of C™ into the ag. 
partic acid, threonine, isoleucine, methionine, and lysine of the bacteria] 


TABLE [ 
Metabolism of C4-Glucose by E. coli; Effect of Supplements on Radioactivity of Amino 
Acids in Protein Residue (As Per Cent Radioactivity of Protein Amino Acids 
Relative to Control)* 


Supplement Glu , Arg | Pro! Asp! Thr | Iso | Met | Lys | Ala Val | Ley 
None (control)..... 100 100) 100, 100, 100 100 100 100, 100; 100 10 
Glutamate. ... 8 20 8 47) 50 100 
N*-Acetylornithine 100, 20) 100 100 100 
Ornithine. ..... .| 100. 20) 100 100 100 
Citrulline........ 100; 5! 100 100 | 100 
a eee 100, 5} 100) 100 100) 100, 100) 100 
Glutamic y-semialdehyde. . 100 100) 8 100 100 
Proline. ... ; 100 100| 5 100 100, 100, 100, 100 
Aspartate 71 72; 25, 25) 60) 45, 60) 100 
Homoserine. .. 100! 5! 35) 20 100, 100 
Threonine..... 100, 5, 35) 80 100, 100 
a-Ketobutyrate.. 100, 100' 35) 100! 100) 100) 
a-Aminobutyrate | 100) 100; 35) 100; 100, 100 
a-Keto-8-methylvalerate | 100, 100} 5} 100; 100; 100 
Isoleucine... 100| 100! 100) 100! 5} 100} 100) 100 
Methionine. .. 100| 100] 100| 100, | 100/ 5} 100) 100 
ree / 100; 100) 100) 100 100, 100) 30) 100 
a, e-Diaminopimelate 100 100) 100! 100 100} 100, 100) 100 
Pyruvate... 74 72| 85) 83 40| 45) 41 
a-Alanine....... 20) 100) 100 
a-Ketoisovalerate | 100, 0 40 
Valine. , | 100; 0 40 
a-Ketoisocaproate | | 100) 100 0 
Leucine...... | 100) 100, 0 
Acetate....... 67 65! 87) 88 | 100) 
a-Ketoglutarate 62 60 70). 72 100! 
Succinate..... 68 70, 40° 42 100 
Fumarate 66 67, 42 40 | 100 
Malate... oe 74 76, 69 71 | 100 
Oxalacetate 80 80 50 50 75 


* See the text for details. Glu, glutamic acid; Arg, arginine; Pro, proline; Asp, 
aspartic acid; Thr, threonine; Iso, isoleucine; Met, methionine; Lys, lysine; Ala, 
alanine; Val, valine; Leu, leucine. 


protein. Metabolic links among several of these amino acids have been 
noted by other investigators in a number of organisms. In Neurospora 
crassa and Bacillus subtilis, threonine and methionine have been reported 
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to arise from a common precursor, homoserine (14, 15). Threonine has 
also been related to the biosynthesis of isoleucine and valine in LE. coli (16); 
however, its relationship to valine has recently been questioned (17). Ly- 
sine has been postulated to arise in FE. coli from a,e-diaminopimelic acid 
by decarboxylation (18, 19). However, the available evidence leaves open 
the question whether diaminopimelic acid is a major precursor of lysine, 
especially since a mutant strain of Z. coli which requires lysine in addition 
to diaminopimelic acid has diaminopimelic decarboxylase activity, whereas 
some wild type FE. coli strains do not (18). 

The results of competition experiments with members of the aspartic 
family and several related compounds are listed in Table I. It is seen that 
added aspartic acid diminishes the radioactivity of the protein aspartic acid 
and threonine to the same extent. This finding suggests that aspartic acid 
isa precursor of threonine. The relatively smaller effect of aspartic acid 
on isoleucine, methionine, and lysine indicates that only part of the carbon 
in these three amino acids is derived from aspartic acid. Since homoserine 
has a pronounced effect on threonine but none on aspartic acid, it is inferred 
that homoserine is an intermediate between aspartic acid and threonine. 
Homoserine is also an effective competitor in the synthesis of methionine 
and hence is concluded to be a precursor of the latter. Threonine in turn 
is seen to compete in isoleucine synthesis, and so do a-aminobutyrate, a- 
ketobutyrate, and especially a-keto-8-methylvalerate. It is of interest that 
an E. coli mutant strain has been reported to grow on any of these four 
competitors (16). Since a-ketobutyrate can be formed from a-aminobuty- 
rate (20) as well as from threonine (21), it is reasonable to assume that a- 
ketobutyrate is a precursor of isoleucine. a,8-Dihydroxy-6-methylvalerate 
(22) and a-keto-6-methylvalerate (23, 16) have previously been shown to be 
on the isoleucine pathway. The accompanying metabolic scheme, which 
is consistent with all the competition data, may be constructed. 


lysine 
Aspartic . methionine 
aid ‘y 
homoserine — threonine — a-ketobutyrate — 


a, B-dihydroxy-8-methylvalerate — a-keto-8-methylvalerate — isoleucine 


Pyruvic Family—In competition experiments with pyruvate, this sub- 
stance was found to have some effect on the glutamic and aspartic families; 
however, a more pronounced effect was observed on alanine, valine, and 
leucine (Table I). Pyruvie acid hence appears to be a precursor of these 
three amino acids. The keto analogue of valine, a-ketoisovalerate, which 
has been shown to be a precursor of valine in F. coli (24, 25), competes in 
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valine synthesis as expected. In addition, a-ketoisovalerate competes in 
leucine synthesis to the same extent as pyruvate and is thus indicated to 
be a precursor of leucine. Since it has also been reported that pantoate js 
formed from a-ketoisovalerate (26), this keto acid appears to be an inter. 
mediate in at least three lines of biosynthesis. The radioactivity of leucine 
was also found to be influenced by a-ketoisocaproate and, to a lesser extent, 
acetate. In analogy with the cases of isoleucine and valine, the keto an. 
alogue of leucine is thought to give rise to the latter amino acid (see be. 
low). These results may be summarized in the accompanying scheme 
in which a, 8-dihydroxyisovalerate (27) has been included. 


alanine 
Pyruvic acetate 
acid ‘“ 
a, 8-dihydroxyisovalerate — a-ketoisovalerate(—1C) —> a-ketoisocaproate 


valine leucine 


Serine Family—In mammals it has been established that the carbon 
skeletons of glycine (28) and cysteine (29, 30) are derived from that of 
serine. A similar situation is indicated in FE. coli by the present studies: 
serine as competitor almost completely suppresses the radioactivity of pro- 
tein serine, glycine, and cysteine, whereas glycine suppresses the radioac- 
tivity of protein glycine, but not of serine or cysteine. Moreover, serine 
was found to contribute to some extent to the members of the pyruvate 
family. This finding is consistent with the presence in LZ. coli of a dehy- 
drase which catalyzes the conversion of serine to pyruvic acid (21). Threo- 
nine was also found to have an effect on glycine, but is not believed to bea 
major precursor of the latter. The conversion of threonine to glycine may 
involve loss of a 2-carbon fragment (31). The following relationships are 
indicated among members of the serine family. 

glycine 
7 


Serine— pyruvic acid 
\ 


N 


cysteine 


Competition with Compounds Related to Krebs Cycle—Since the parent sub- 
stances of the four amino acid families described have a metabolic connec- 
tion with the Krebs cycle, competition experiments with compounds related 
to this cycle have been carried out. In the course of these experiments a 
phenomenon was observed which has also been encountered in other com- 
petition experiments: certain compounds, which from earlier evidence had 
been concluded to be metabolic intermediates, gave incomplete or no com- 
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petition. These observations are in harmony with other recent findings 
32) and are thought to be due to the characteristics, in a broad sense, of 
the enzyme systems involved or to possible accessibility barriers. For this 
reason incompleteness or total absence of competition by a given substance 
does not necessarily preclude a metabolic réle of this substance. Thus, as 
is evident from the data in Table I, pyruvate, while having a considerable 
effect on the labeling of alanine, has a relatively small effect on the func- 
tioning of the Krebs cycle. Similarly, malate and oxalacetate have small 
effects, and aspartate and glutamate are more effective competitors in as- 
partate and glutamate synthesis than the respective keto acids. Citric, 
cis-aconitic, and isocitric acids have no competitive effect at all. However, 
in cases in which competition did occur, the results were qualitatively con- 
sistent with predictions from the Krebs cycle. Thus, added acetate, keto- 
gutarate, and glutamate affect the labeling of glutamate more than that 
of aspartate, whereas added succinate, fumarate, malate, oxalacetate, and 
aspartate affect the labeling of aspartate more than that of glutamate. 
Competition with Keto Acids—As is seen from Table I, the keto analogues 
of glutamic acid, aspartic acid, alanine, leucine, isoleucine, and valine are 
more or less effective competitors in the synthesis of the corresponding 
amino acids. Similarly, the radioactivity of phenylalanine was found to be 
suppressed by its keto analogue. On the other hand, the keto analogues 
of arginine, threonine, and the aldehyde analogue of glycine were found to 
have no competitive effect. Since the keto analogues of glutamic acid, 
aspartic acid, and alanine as well as those of isoleucine and valine give rise 
to the corresponding amino acids, it is suggested that a-ketoisocaproic acid 
and phenylpyruvic acid are precursors of leucine and phenylalanine, re- 
spectively. Such a precursor function of the latter two keto acids would 
be consistent with their respective growth-promoting activity for a leucine- 
less (20) and a phenylalanineless (33) E. coli mutant strain and with the 
transaminase activity of a wild type strain (20). 

Most of the synthetic pathways described in this paper have been the 
dbjects of intense study at this laboratory. Many other radioactive tracers 
have been employed, including acetate and randomly labeled amino acids, 
alanine, aspartic acid, glutamic acid, glycine, isoleucine, leucine, ornithine, 
proline, valine, serine, and threonine. Independent evidence derived from 
these investigations is in agreement with the pathways described in this 
paper. Some of these results have been reported recently (34-37). 

Conclusions—The results obtained illustrate that the isotopic competi- 
tion method with C'-glucose as the sole source of radioactivity is adapted 
to yield a rapid survey of the metabolism of a number of amino acids in a 
given species. In this manner, several previously unknown metabolic re- 
lationships in EF. coli have been encountered and, where a comparison was 
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possible, the present results were generally found to be in good agreemen; 
with those obtained earlier by other methods. The success of the isotopic 
competition technique is seen to depend on the frequent occurrence of bio. 
synthetic reactions in which exogenously supplied metabolites are utilized 
rather than endogenously produced ones. 


SUMMARY 


Metabolic relationships among a number of amino acids in Escherichiq 
colt were studied by means of the isotopic competition method with C"-gly. 
cose as the source of radioactivity. The results were consistent with the 
existence of a Krebs cycle in this species and provided support for the fol- 
lowing biosynthetic sequences: (a) glutamic acid, N-acetylglutamic acid, 
N-acetylglutamic y-semialdehyde, N*-acetylornithine, ornithine, citrulline, 
arginine; (b) glutamic acid, glutamic y-semialdehyde, A'-pyrroline-5-car- 
boxylic acid, proline; (c) aspartic acid, lysine; (d) aspartic acid, homoserine, 
methionine; (e) aspartic acid, homoserine, threonine, a-ketobutyric acid, 
a, 8-dihydroxy-8-methylvaleric acid, a-keto-8-methylvaleric acid, isoleu- 
cine; (f) pyruvic acid, alanine; (g) pyruvic acid, a,6-dihydroxyisovaleric 
acid, a-ketoisovaleric acid, a-ketoisocaproic acid, leucine; (h) a-ketoisoval- 
eric acid, valine; (7) serine, glycine; (7) serine, cysteine; (k) serine, pyruvic 
acid; (I) threonine, glycine; (m) phenylpyruvic acid, phenylalanine. 


The author wishes to acknowledge the substantial contributions made 
by Dr. Henry J. Vogel to this paper. His wide knowledge of the biosyn- 
thetic pathways established by mutant studies, a substantial effort in re- 
vising the original manuscript, and stimulating discussions of the experi- 
mental results were most valuable. 
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PROTEIN METABOLISM IN THE CHOLINE-DEFICIENT RAT 
II. EFFECTS OF AGE AND SEX ON SERUM PROTEINS 
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(From the Biochemistry Department, School of Medicine, University of Pittsburgh, 
Pittsburgh, Pennsylvania) 


(Received for publication, August 5, 1953) 


Because renal damage due to choline deficiency was demonstrated only 
in rats which were younger than 33 days, Griffith (1) suggested that the 
choline requirement of older rats is less than that of weanling animals. 
A sex difference was also noted. Kidney hemorrhages appeared later and 
were less severe in young female rats than in males of the same age and 
weight (1). Since a choline-deficient diet contains a minimal amount of 
methionine, it seemed worth while to investigate the effect of the diet on 
protein metabolism in rats of both sexes and of different ages. Electro- 
phoretic analyses of the sera of weanling female rats disclosed that the al- 
bumin concentration was lower in choline-deficient than in normal animals 
and that increased a-globulin could be correlated with the appearance of 
the kidney lesions (2). The present paper gives the findings on the sera 
of weanling and of slightly older male rats. 


EXPERIMENTAL 


Male rats of the Sherman strain were bred in this laboratory. At 21 
days they were weaned. Groups consisting of ten to fifteen animals each 
were housed in double cages and fed laboratory chow' until they were placed 
on the experimental diet. Some groups were started on the experimental 
diet when the animals were 22 and 23 days old, others when they were 26 
and 27 days or 34 and 35 days old. The composition of the 18 per cent 
casein diet used to produce choline deficiency was given in a previous publi- 
cation (2). 

In each experiment a group of animals was sacrificed by decapitation on 
almost each day of a 15 day period. The blood from the group was col- 
lected in a single beaker, allowed to clot, decanted, and centrifuged. After 
dilution with 2 parts of buffer, the serum was dialyzed and the protein 
components were separated by electrophoresis. The analyses were made 
in Veronal buffer at pH 8.6 with a field strength of 8.0 volt em.— for 180 
minutes. 

The livers of a group were ground together and two aliquots of the pool 
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were taken for the determination of total lipide (3). The kidneys werp 
examined for gross evidence of hemorrhage. Average body, liver, and kid. 
ney weights were recorded at the termination of each experiment. 
RESULTS AND DISCUSSION 

Effect of Sex—Fig. 1 shows that the 18 per cent casein diet induced the 
usual signs of choline deficiency in 22 and 23 day-old male rats. <A 3- to 
4-fold increase in liver fat was noted and, on the 6th day, gross evidence 
of hemorrhage was seen in the kidneys, although maximal enlargement did 
not occur until the 9th day. 

The concentrations (electrophoretic areas) of the serum protein fractions 
of normal rats are compared with those of choline-deficient animals (Fig, 


LIVER LIPIDE —~% HEMORRHAGIC -KIDNEY WEIGHT 
(% WET TISSUE) \ KIDNEYS (%BODY WEIGHT) 
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EXPERIMENTAL DAYS 
Fic. 1. The liver lipide content and occurrence of kidney lesions in weanling male 
rats fed the basal diet (O) or the basal diet + 6 mg. of choline chloride daily (@). 
None of the supplemented animals had any evidence of renal hemorrhagic degenera- 
tion. 


2) and with those of choline-supplemented rats in Fig. 3. In the normal 
male, albumin concentration varied for several weeks after the animals 
were weaned. The first increase which was observed reached a maximum 
on the 4th experimental day. A second rise began on the 6th day and, 
after a gradual decline, a third increase was noted at the end of the experi- 
ment. In animals fed the basal diet with or without a choline supplement, 
albumin areas were below normal during the first half of the experiment. 
In spite of the decreased albumin area, those animals which received the 
oral supplement had a pattern of albumin metabolism which was similar to 
the normal, for the area increased by the 4th day, on the 8th and 9th days, 
and again after the 12th day (Fig. 3). With no supplement, the ration 
limited the ability of young rats to synthesize suffiicent albumin to permit 
these normal increases in area. Low albumin values indicate that. synthe- 
sis was depressed for the first 4 days (Fig. 2). After that time the area 
spontaneously increased, but it did not reach a normal level until the ani- 
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mals recovered from the kidney lesions. The fact that the downward trend 
in the albumin area reversed itself on the 5th day shows that the animals 
responded to the normal stimulus for increased albumin production in spite 
of a continuing deficit of protein precursors and of choline. Because it was 
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EXPERIMENTAL DAYS 
Fic. 2. Electrophoretic areas of the serum protein fractions of normal animals 


@) and of animals fed the choline-deficient diet (O). 


ALBUMIN O;GLOBULIN O&;GLOBULIN 





. 
} 


L 

































OOO000 





1 1 QuU—_1__1 
0486 2S Ue &£ &€ RS 


EXPERIMENTAL DAYS 


Fig. 3. Electrophoretic areas of the serum protein fractions of normal rats (@) 
and of animals fed the basal diet + 6 mg. of choline chloride daily (O). 
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needed for protein synthesis, methionine was less able to compensate for 
the lack of choline. Therefore, the deficiency of choline became acute and 
kidney damage ensued. A similar series of events was found in the wean- 
ling female rat (2). Between the 6th and 7th days a rise in albumin con- 
centration was noted in choline-deficient as well as in supplemented controls 
and normal animals. The deficient females were, however, unable to sus- 
tain the higher albumin concentration. The consequence of the rise in al- 
bumin production and concentration in the deficient animals was that 
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methionine became temporarily unavailable as a source of methyl groups, 
the choline deficiency became worse, and kidney damage resulted. 

Both a:- and a»-globulin areas increased in the sera of choline-deficient 
female rats. Since these changes occurred on the 8th day, 7.e. 2 days after 
the kidneys began to hemorrhage, they were attributed to the release of 
damaged renal tissue into the blood stream (2). The data from the male 
animals confirm this correlation, for the areas of both a fractions suddenly 
doubled on the 7th day in deficient males (Fig. 2). By the 10th day the 
areas declined sharply. Since only 1 day elapsed between the onset of the 
kidney lesions and the increases in a-globulin in the male animals (2 days, 
in the case of the female), and since the areas returned to normal more 
quickly in the male than in the female, it was concluded that kidney degen- 
eration is more acute in the male and also that recovery is more rapid in 
the male. Thus, even though the time of appearance of kidney lesions did 
not show the sex difference which was previously demonstrated by Griffith 
(1), the a-globulin changes confirm that kidney degeneration reaches the 
severe stage 1 day earlier in the male than it does in the female. 

When the a>-globulin area increases as a result of kidney damage, the 
fraction appears as a double peak (2). The moderately elevated ae area, 
which was found in male rats which were fed a daily supplement of 6 mg. 
of choline chloride (Fig. 3), did not show the bifurcation. The elevated 
area indicates that these animals have a border line deficiency. In the fe- 
male (2) the concentration of the a2 fraction rose when partial correction 
of the deficiency was achieved by the administration of 2 mg. of choline 
chloride but, when the dose was raised to 6 mg. a day, the area was not 
significantly increased. Apparently the males need more than 6 mg. of 
supplement to prevent the rise in a2-globulin, even though that amount is 
sufficient to prevent kidney damage and fatty livers. 

That choline deficiency causes more abrupt changes in the male than 
in the female is also evident from the values for 6;-globulin (Fig. 2). It is 
elevated on only the 7th, 8th, and 9th days in the male, whereas in the fe- 
male a gradual increase in area occurred between the 4th and the 12th day 
(2). This probably means that the deficiency in the tissue or metabolic 
process responsible for the 6;-globulin increase becomes critical in the male 
at about the same time that the kidneys are affected. However, the tissue 
involved cannot be the kidney because in the female the §,-globulin area 
could not be correlated with gross evidence of kidney damage or with the 
rise in serum a-globulins. 

Effect of Age—The criteria used to determine whether or not choline de- 
ficiency was produced in male rats of different ages are given in Fig. 4. 
More fat was deposited in the livers of the 22 and 23 day-old animals than 
in the livers of animals which were 26 and 27 or 34 and 35 days old when the 
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experiments were begun. Damage to the kidneys was severe in the 22 and 
93 day-old rats, less marked in the 26 and 27 day-old ones, and negligible 
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EXPERIMENTAL DAYS 
Fic. 5. The effect of the choline-deficient diet on the electrophoretic areas of some 
of the serum protein fractions of male animals which were 22 and 23, 26 and 27, or 34 
and 35 days old when the experiment was begun. 


in the 34 and 35 day-old animals. These results are in accord with previ- 
ous findings (1). 

In Fig. 5 the serum albumin levels of the animals which were made cho- 
line-deficient at slightly different ages are presented. Even though all of 
the animals were immature and rapidly growing, the age at which they 
were placed on the basal diet made a difference in the albumin content of 
their sera. An initial decrease in area was noticed in the 22 and 23 and in 
the 26 and 27 day-old rats. In the former it continued until the 4th day, 
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but in the latter it lasted only 2 days. With the 34 and 35 day-old animals 
the initial decrease in albumin was not observed. By the 5th day in both 
of the younger groups, and by the 6th day in the oldest rats, peaks in gl. 
bumin concentration were reached. Subsequently the areas decreased, and 
in each case no marked changes were noticed in the following 4 or 5 days, 
During this period the kidneys became enlarged and hemorrhagic. As. 
sociated with their recovery was a marked but temporary rise in the serum 
albumin area. 

A decreased albumin area, found in the sera of all animals on or after the 
6th day, cannot be explained on the basis of protein loss through the kid- 
neys, for the drop in concentration preceded the appearances of the kidney 
lesions in the younger groups, and in the 34 and 35 day-old animals the 
albumin area declined even though kidney damage was negligible. Rather, 
decreased albumin seems to be caused by the inability of the animals to 
synthesize albumin at a sufficient rate to meet a current need. Earlier in 
this paper it was pointed out that the concentration of serum albumin js 
greater in the normal rat between the 4th and the 8th experimental day 
than it is on previous or subsequent days. The two series of younger ex- 
perimental animals were fed the basal diet during this time. Since the diet 
contained only 18 per cent protein, it apparently did not provide a sufficient 
quantity of amino acids to maintain the elevated rate of albumin synthesis 
and the increased blood concentration and simultaneously to furnish meth- 
ionine to counteract the lack of dietary choline. The oldest animals, on 
the other hand, were not fed the basal diet until the period of increased 
albumin production had passed. They were apparently able to use some 
methionine for methyl metabolism by decreasing its use for albumin or 
protein synthesis. As a result, neither kidney enlargement nor increased 
serum a- and 8-globulin were observed in the 34 and 35 day-old groups. 

Beside the fact that the a-globulin areas rise following the hemorrhage 
and enlargement of the kidneys of the two younger groups of animals, the 
data (Fig. 5) bring out another point which is of interest. a2-Globulin is 
also elevated prior to the appearance of kidney lesions in the 26 and 27 
day-old groups (from the 2nd to the 6th day). Furthermore, this fraction 
is found in increased quantity in the 34 and 35 day-old animals from the 
2nd through the 12th day. Since the boundaries were not bifurcated as 
they are following kidney degeneration, it was concluded that increased 
ao-globulin indicates that border line deficiency exists in the animals. The 
parallelism between the a». area and partial deficiency was discussed earlier 
in this paper, and it offers a reasonable explanation for the present findings. 
In the animals 34 and 35 days old the deficiency never becomes severe 
enough to cause much damage to the kidneys, althowgh the lack of choline 
causes fat deposition in the liver (Fig. 4). From the values for the a area 
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can be concluded that the border line deficiency continues until the 12th 
day. After this time either the requirement for choline must decrease or 
its synthesis increases, for the area declines and the animals appear to be 
normal. 

Different degrees of choline deficiency are also reflected in the a2-globulin 
area of the 26 and 27 day-old rats (Fig. 5). The first increase signifies that 
the animals are not completely deficient. By the 6th day the deficiency 
becomes extreme, a2-globulin values decrease, the kidneys became hemor- 
thagic, and the a»-globulin which then appears is composed of the two 
peaks which: are characteristic of tissue destruction. In contrast with the 
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Fig. 6. The effect of the choline-deficient diet on the electrophoretic areas of some 
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two older groups in which border line deficiency can be demonstrated to 
exist for a finite time, the 22 and 23 day-old rats become progressively more 
deficient and a»-globulin falls continually until kidney damage occurs. Ap- 
parently the youngest animals have a very limited supply of choline pre- 
cursors or else they have less capacity to synthesize the molecule. As the 
animals become older they can provide enough endogenous choline to cor- 
rect partially for the lack of dietary choline. From this precarious state 
the animals either regress to severe depletion (26 and 27 day-old rats) or 
else remain in the border line state until either the choline requirement de- 
creases or the synthesis of the molecule is speeded up (34 and 35 day-old 
animals) . 

8,-Globulin concentration, like the a-globulin areas, increases in the 
serum of choline-deficient males. Evidence was already presented which 
indicates that the change is not due to kidney damage. Fig. 6, however, 














302 CHOLINE DEFICIENCY 


shows that the concentration of this fraction is also an index of the severity 
of choline deficiency, for the increase was marked in the 22 and 23 day-old 
animals, moderate in the 26 and 27 day-old rats, and almost negligible jn 
the 34 and 35 day-old group. 

The values for serum y-globulin are given in Fig. 6. Since these and the 
albumin values (Fig. 5) fluctuate in a similar manner, the same relation. 
ships which exist between albumin metabolism and c boline deficiency may 
be applied. Periods of increased protein synthesis and blood protein con. 
centration cannot be sustained in young animals fed the choline-deficient 
diet. Furthermore, they precipitate extreme choline depletion by depriy- 
ing the animals of the precursors needed for the synthesis of choline. 


SUMMARY 


In choline-deficient rats of both sexes, increased albumin synthesis pre- 
cipitates choline depletion. Kidney damage, as measured by the rise in 
a-globulin, becomes acute 1 day earlier in the male than in the female. 
Furthermore, the male needs a greater amount of choline than the female 
does to prevent the particular rise in a.-globulin which seems to be due to 
border line deficiency. 

Increased albumin concentration was found in the sera of normal males 
when they were 26 to 30 days old. If animals of this or a younger age are 
fed the choline-deficient diet, the use of amino acids for albumin synthesis 
takes precedence over their use for choline synthesis. When the deficiency 
becomes severe, the areas of a-, a»-, and 8;-globulin double in value. Older 
animals, beyond the time of increased albumin production, show only the 
signs of a border line deficiency, and the a.-globulin area increases but re- 
mains electrophoretically homogeneous. 
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A PARTIAL SEQUENCE OF AMINO ACIDS IN PERFORMIC 
ACID-OXIDIZED VASOPRESSIN* 


By EDWIN A. POPENOEf anp VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, August 17, 1953) 


The pressor principle, isolated from beef posterior pituitary glands by 
solvent fractionation followed by counter-current distribution, has been 
shown to be composed of residues of the eight amino acids, phenylalanine, 
tyrosine, proline, glutamic acid, aspartic acid, glycine, arginine, and cys- 
tine, plus 3 moles of ammonia per mole of any one amino acid (1). This 
hormone has been termed arginine vasopressin (2) to distinguish it from 
lysine vasopressin, which has been found in hog posterior pituitary glands 
and which has a similar amino acid composition except that lysine is pres- 
ent and arginine is absent (3). In the present paper, the term vasopressin 
refers to arginine vasopressin. 

The cystine sulfur of vasopressin is present in a disulfide linkage (4). 
When vasopressin is oxidized with performic acid, the principal reaction 
product has the same amino acid composition as has vasopressin, except 
that each residue of cystine is replaced by 2 residues of cysteic acid (2). 
This performic acid-oxidized vasopressin behaves as a single substance 
in counter-current distribution and in ion exchange and paper chromatog- 
raphy, which suggests that the disulfide linkage in vasopressin forms a 
part of a cyclic structure. 

Recent studies on performic acid-oxidized vasopressin (2) have indicated 
that there is a free amino group on one of the 2 residues of cysteic acid 
and that the carboxyl group of this cysteic acid residue is linked to the 
amino group of the tyrosine residue. Treatment of performic acid-oxi- 
dized vasopressin with cold bromine water results in elimination of the 
8-sulfoalanyltyrosyl moiety and liberation of the amino group of the phenyl- 
alanine residue. Although the mechanism of this cleavage of the molecule 
is obscure, it is considered likely that the tyrosine residue is linked to the 
amino group of the phenylalanine residue. 


* Appreciation is expressed to the Lederle Laboratories Division, American Cy- 
anamid Company, for a research grant which has aided greatly in this investigation, 
and to Eli Lilly and Company, Parke, Davis and Company, and Armour and Com- 
pany for gifts of posterior pituitary material. 

t Postdoctorate Research Fellow, National Institutes of Health, United States 
Public Health Service, 1950-52. 
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The behavior of vasopressin thus appears to be analogous to that of oxy. 
tocin. Hydrolysates of oxytocin differ from those of vasopressin only ra 
that leucine and isoleucine are present while phenylalanine and arginine 
are absent (5). Performic acid-oxidized oxytocin has the amino ageid 
composition of native oxytocin except that 2 residues of cysteic acid are 
present instead of the 1 residue of cystine (6). Treatment of performie 
acid-oxidized oxytocin with bromine water cleaves the molecule into a small 
fragment, 6-sulfoalanyldibromotyrosine, and a large fragment bearing a 
free amino group on the isoleucine residue (7, 8). Thus, in the performic 
acid-oxidized hormones, and presumably also in the native hormones, the 
phenylalanine residue of vasopressin occupies a position corresponding to 
that of the isoleucine residue of oxytocin. 

The present paper reports a study of the sequence of amino acids jn 
performic acid-oxidized vasopressin by partial acid hydrolysis. 


EXPERIMENTAL 


Performic acid-oxidized vasopressin was prepared from arginine vaso- 
pressin (approximately 300 pressor units per mg.) as previously described 
(2), except that it was purified by a 300 transfer counter-current distribu- 
tion. Its partition ratio between sec-butyl alcohol and 0.05 per cent acetic 
acid was the same (0.25) as that of the earlier preparation. The amino 
acid composition, determined by starch column chromatography (9), was 
phenylalanine 0.96, tyrosine 0.86, proline 1.03, glutamic acid 1.00, aspartic 
acid 1.10, glycine 1.00, arginine 1.07, cysteic acid 1.92, ammonia 3.24: 

A solution of 10 mg. of performic acid-oxidized vasopressin in 3 ml. of a 
1:1 mixture of glacial acetic acid and concentrated HCl was allowed to 
stand at 37° for 7 days in a sealed tube under nitrogen. It was then con- 
centrated to dryness in vacuo and the residue was stored in an evacuated 
desiccator over H»SO, and NaOH pellets for 24 hours. To separate basic 
and neutral peptides and amino acids from acidic peptides and amino acids, 
the residue was dissolved in 5 ml. of water and passed through a column 
of Amberlite IR-4B (0.7 X 11 cm.) which had been prepared in the manner 
described by Consden, Gordon, and Martin (10) for a column separating 
acidic from neutral and basic amino acids. The solution was followed by 
10 ml. of water and then by 15 ml. of N HCl. The first 15 ml. of the eluate 
contained the basic and neutral peptides and amino acids; the second 15 
ml. contained the acidic peptides and amino acids which were eluted by 


Nn HCl. 


1 These values are molar ratios with glycine assigned a value of 1.00. The glu- 
tamic acid and cysteic acid peaks were overlapping; therefore the amount of glutamic 
acid was assumed to be 1.00 and the amount of cysteic acid calculated by difference. 
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Both fractions were examined by paper chromatography.2. Two main 
components, free glycine and Peptide 1, Table I, appeared in the basic 
plus neutral fraction, together with traces of phenylalanine, arginine, pro- 
line, and two unidentified components. To determine the N terminal 
amino acid of Peptide 1, the dinitrophenyl (DNP) method used by Sanger 
and Tuppy (11) was employed. After treatment of the peptide with dini- 
trofluorobenzene, the cysteic acid spot on a chromatogram of the hy- 
drolysate was greatly diminished in intensity and a yellow spot correspond- 
ing in position to DNP-cysteic acid appeared. 


TABLE I 
Peptides from Partial Acid Hydrolysis of Performic Acid-Oxidized Vasopressin 


Peptide No. buianol acetic “percent ey 

Basic + neutral fraction l 0.12 0.64 Cysteic-[Pro, Arg, Gly] 
Cysteic acid fraction 2 0.31 0.18 [Cysteic, Tyr, Phe] 

3 0.06 0.05 [Asp, Cysteic] 

4 0.05 0.03 [Asp, Cysteic] 

5 0.02 0.04 | (Glu, Asp, Cysteic] 

6 0.08 0.08 [Glu, Asp, Cysteic] 
Carboxyl-acidie fraction 7 0.53 0.64 [Phe, Glu] 

8 0.37 0.37 [Phe, Glu, Asp] 

9 | 0.18 0.10 [Glu, Asp] 

10 {Glu, Asp, Cysteic, Pro, 

| Arg,Gly] 
11 | [Glu,Asp,Cysteic, Pro, 


Arg,Gly] 

* For the significance of these symbols, see foot-note 4. 

Paper chromatography of an aliquot of the acidic fraction showed that 
it was a very complex mixture. Therefore, this fraction was dissolved 


Two-dimensional ascending paper chromatograms on Whatman No. 4 filter 
paper were used throughout this work except in the one instance specified. The de- 
veloping solvents, butanol-acetic acid and 75 per cent phenol, were those used in 
earlier studies (2). For examination of the several fractions separated from the 
partial acid hydrolysate, each fraction was run on two or more sheets (depending on 
the amount of material estimated to be present) under conditions as nearly identical 
as possible. One of the sheets was sprayed with ninhydrin spray reagent to serve 
as a guide to indicate the positions of substances to be eluted from the remaining 
chromatograms by the method of Sanger and Tuppy (11). The amino acids pro- 
duced by hydrolysis of the eluates in 1 ml. of 6 N HCI at 130° overnight in a sealed 
tube under nitrogen were identified by paper chromatography. The eight amino 
acids found in hydrolysates of performic acid-oxidized vasopressin can readily be 
separated and identified on the paper chromatograms used. 
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in 0.5 ml. of 0.010 Nn HCl and applied to a column of Dowex 2 (0.9 XL 
em.).* The column had been prepared for use by washing it with 0.015 x 
HCl until the pH of the effluent was the same as that of the solution enter- 
ing the column. Approximately 500 ml. were required. Development 
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Fig. 1. Separation of acidic peptides and amino acids from partial acid hydrolysis 
of performic acid-oxidized vasopressin, on a column of Dowex 2. The ordinates are 
based on ninhydrin color, determined and plotted by the methods of Moore and 
Stein (12). For details, see the text. 


was carried out with 0.015 n HCl at a flow rate of about 3 ml. per hour and 
the eluate was collected in 1 ml. fractions on an automatic fraction col- 
lector. Aliquots (0.2 ml.) of each fraction were removed for quantitative 
analysis by the ninhydrin reaction (12). The results are shown graphi- 

* 200 to 400 mesh, obtained from the Microchemical Specialties Company, 1834 


University Avenue, Berkeley 3, California. We are indebted to Dr. Stanford Moore 
for recommending the use of this resin to us. 








cal 


thi 


ow 


pri 


fra 
aci 


ace 
wa 
des 
2d 


rea 
tio! 
anc 
hy 
vol 
wel 


to | 


70 
ren 
ma 


asp 
pos 
con 
resi 


free 
teic 


14), 
that 
rept 
bols 
clos 


X li 
M15 x 
niter- 
ment 


rolysis 
bes are 
re and 


r and 
n col- 
tative 
raphi- 
r, 1834 
Moore 





E. A. POPENOE AND V. DU VIGNEAUD 357 


cally in Fig. 1. Peak A contained substances which were not adsorbed on 
this column and owed their acidity to free carboxyl groups. Peaks B, 
C, and D represent peptides which were adsorbed on the column and thus 
owed their acidity to the presence of cysteic acid. The fractions com- 
prising each ninhydrin peak were united and concentrated to dryness 
in vacuo for further investigation. 

A paper chromatogram of the material in Peak A, the ‘“‘carboxyl-acidic 
fraction,’ showed Peptides 7, 8, and 9 of Table I, as well as free aspartic 
acid, free glutamic acid, and several poorly separated peptides in the area 
Ry = 0.4 — 1.00 with 75 per cent phenol and Ry = 0 — 0.2 with “butanol- 
acetic acid.” To separate the latter peptides, all material in the area 
was eluted and placed on duplicate paper strips which were developed as 
descending chromatograms with the butanol-acetic acid solvent. After 
2 days a spot of arginine on a control strip had advanced 173 mm. The 
mixture had simultaneously been separated into at least four ninhydrin- 
reactive components, of which two were sufficiently isolated for investiga- 
tion. These are Peptides 10 and 11, Table I, which had advanced 38 mm. 
and 135 mm. respectively. Since they each gave the same amino acids on 
hydrolysis, they may have differed in the number of carboxyl groups in- 
volved in amide linkages. The other two spots on this chromatogram 
were not investigated. 

Peak B, Fig. 1, gave rise to a single spot on a paper chromatogram, due 
to Peptide 4, Table I. Peak C gave rise to a single spot due to Peptide 6. 
Peak D was separated on paper into Peptides 2 and 3, Table I. After 
70 ml. of 0.015 n HCl had passed through the Dowex 2 column, material 
remaining on the column was eluted with 10 ml. of N HCl. Paper chro- 
matography showed this material to be a single peptide (Peptide 5, Table I). 

It can be seen that both Peptide 3 and Peptide 4 yielded cysteic acid and 
aspartic acid on hydrolysis, although they appeared at widely different 
positions in the Dowex 2 chromatogram. This would be feasible if one 
contained an asparagine residue and the other contained an aspartic acid 
residue. A similar difference may exist between Peptides 5 and 6. 


DISCUSSION 
Earlier studies (2) have indicated that the sequence adjacent to the 
free amino group of performic acid-oxidized vasopressin is probably Cys- 
teic.Tyr.Phe.* Peptide 2, Table I, contains only residues of these three 


‘For simplicity the convention suggested by Brand and collaborators is used (13, 
14). Amino acid residues are indicated by the first three letters of the name, except 
that cysteic acid residues are represented by ‘‘Cysteic.’’ Half cystine residues are 
represented by the symbol CyS-. Where the sequence seems established, the sym- 
bols are separated by periods; where the sequence is in doubt, the symbols are en- 
closed in brackets and separated by commas; the amino acid appearing at the left 
in an established sequence is the one bearing a free amino group. 
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amino acids. Its constitution is thus in harmony with previous findings, 
No other component containing a tyrosine residue was found in this study. 
However, two other peptides, 7 and 8, were found to yield phenylalanine 
on hydrolysis. The composition of Peptides 7 and 8 indicates the presence 
of the sequence Phe.Glu.Asp. Peptide 9, containing residues of glutamic 
acid and aspartic acid, confirms the deduction that these two amino acids 
are adjacent. ‘The sequence, starting with the cysteic acid residue bearing 
the free amino group, thus is probably Cysteic.Tyr.Phe.Glu.Asp. 

The composition of Peptides 3, 4, 5, and 6, Table I, leads to the con- 
clusion that the aspartic acid residue is linked to a cysteic acid residue. 
That this is the cysteic acid residue linked to the amino group of tyrosine 
seems improbable since it has been shown (2) that the latter cysteic acid 
residue bears a free amino group. The one linked to the aspartic acid 
residue must then be the second of the 2 residues of cysteic acid found by 
amino acid analysis of performic acid-oxidized vasopressin. Similarly the 
N terminal cysteic acid residue of Peptide 1, Table I, cannot be the one 
linked to tyrosine. The most probable sequence for the amino acid resi- 
dues of performic acid-oxidized vasopressin thus is 


Cysteic.Tyr.Phe.Glu. Asp.Cysteic.[Pro, Arg, Gly] 


No peptides found in the present study shed light on the sequence of the 
[Pro,Arg,Gly] end of the chain. Peptides 10 and 11 are in harmony with 
the proposed sequence, although they contribute little to an understanding 
of it. The results reported in the present paper do not establish whether 
glutamine and asparagine residues or glutamic acid and aspartic acid 
residues are present, or whether the linkages of these amino acids involve 
the a- or the y- and 6-carboxyl groups. 

The partial sequence derived for performic acid-oxidized vasopressin 
may be extended to the original vasopressin if performic acid has no effect 
other than oxidation of the disulfide bond to two sulfonic acid groups, and 
if vasopressin contains only | residue of each of the eight amino acids re- 
leased by hydrolysis. If these conditions hold, arginine vasopressin prob- 
ably has the amino acid sequence 





Cy$. Tyr. Phe.Glu. Asp.CyS.{Pro, Arg, Gly] 

Similarities of structure between vasopressin and oxytocin have been 
noted previously (2). A recent report (15) has described studies on the 
peptides produced by partial acid hydrolysis of oxytocin, of oxytocin de- 
sulfurized with Raney nickel, and of the large fragment produced by the 
action of bromine water on performic acid-oxidized oxytocin. Considera- 
tion of these and earlier studies made it possible to propose the amino acid 
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sequence 





I rm 

CyS.Tyr.Tleu.Glu. Asp.CyS.Pro.Leu.Gly 

for the oxytocic principle of the posterior pituitary gland (15). It is 
interesting to observe that the sequence in vasopressin, in so far as it has 
been worked out, corresponds to the sequence derived for oxytocin with 
the isoleucine residue replaced by a phenylalanine residue. It seems rea- 
sonable to suspect that the leucine residue of oxytocin might also be re- 
placed in the sequence by the arginine residue of vasopressin. If this 
should be the case, then the two hormones would have parallel sequences 
of amino acids. It would also seem logical that the structure of lysine 
vasopressin (3) should parallel that of arginine vasopressin, with the lysine 
residue occurring in place of the arginine residue. 

Acher, Chauvet, and Fromageot (17) have recently isolated a series of 
basic peptides from a partial acid hydrolysate of arginine vasopressin. 
Study of these peptides led them to the conclusion that the sequence 
Pro.Arg.Gly.Glu occurs in the hormone. The sequence Pro.Arg.Gly is 
compatible with the results of the present paper. However, it is difficult 
to reconcile a Gly.Glu linkage with the present results unless linkages are 
assumed which are not embraced by conventional concepts of peptide 
structure. It is to be hoped that future work will resolve this apparent 
discrepancy. 


SUMMARY 
Performic acid-oxidized arginine vasopressin has been subjected to 
partial acid hydrolysis and the peptides produced have been separated on 
ion exchange resins and by paper chromatography. Qualitative analysis 
of the constituent amino acids of these peptides has led to the postulate 
that the sequence Cysteic.Tyr.Phe.Glu.Asp.Cysteic.[Pro,Arg,Gly] occurs in 
the hormone after oxidation with performic acid, and that the correspond- 








ing sequence CyS.Tyr.Phe.Glu.Asp.Cy8.[Pro,Arg,Gly] probably occurs in 
vasopressin. 
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‘Other work in this laboratory on enzymatic hydrolysis of vasopressin has given 
some evidence for the penultimate position of arginine and for the presence of glycin- 
amide in the terminal position (16). 
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PRODUCTION OF ANTIBODIES AGAINST DOG INTESTINAL 
PHOSPHATASE* 


By MAX SCHLAMOWITZ 
(From the Research Biochemistry Section, Sloan-Kettering Institute for Cancer 
Research, New York, New York) 


(Received for publication, July 3, 1953) 


The present investigation was undertaken to demonstrate the production 
of antibodies against the alkaline phosphatase from dog intestine. The 
intestinal phosphatase of dog was selected because of the relative ease of 
preparing adequate amounts of it in concentrated form. Purified prepara- 
tions of dog intestinal phosphatase were used to immunize rabbits. The 
production of antibodies specific for the enzyme was demonstrated and the 
nature of the interaction between enzyme and antibody is described. 


Materials and Methods 


Preparation of Phosphatase—The alkaline phosphatase from dog in- 
testines was prepared by fractionation with acetone and digestion with 
trypsin (2). Intestinal mucosa was blended with an equal volume of 25 
per cent acetone and 0.1 volume of a 1:1 mixture of toluene and ethy] 
acetate, autolyzed for 68 hours at room temperature, and filtered. To the 
filtrate, cooled to 4°, was added 0.96 volume of cold acetone. The precipi- 
tate which formed was centrifuged, washed with acetone, and dried in a 
vacuum in the cold. A filtered 2 per cent solution of this preparation was 
treated with 38 to 70 per cent acetone at 4°, and the precipitate was centri- 
fuged, washed, and dried as before. A 2 per cent solution of this substance 
was digested with crystalline trypsin at pH 8.0 and 37° for 1.5 to 2.0 hours 
(100 mg. of trypsin for each 100 ml. of reaction mixture). The trypsin 
was removed by a thrice repeated adsorption with 5 gm. portions of kaolin. 
The enzyme solution was dialyzed for 20 hours in the cold and then precipi- 
tated with acetone. The fraction precipitated by 38 to 70 per cent acetone 
was collected, washed, and dried in a vacuum in the cold. 

The turnover number per 100,000 gm. of protein of DIP-A, the phos- 
phatase preparation obtained by this method, was calculated to be 11,000 
moles per minute under the conditions described for analysis of activity. 

Determination of Phosphatase Activity—Phosphatase activity was deter- 
mined by incubating the enzyme for 20 minutes in a substrate medium con- 


*A preliminary report on this work has appeared (1). This investigation was 
supported in part by a research grant (No. C-1351) from the National Cancer In- 
stitute of the National Institutes of Health, United States Public Health Service. 
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taining sodium f-glycerophosphate (2.5 & 10°? m), MgCl. (1.0 « 107 M), 
and Veronal buffer (6.25 X 10-? m), pH 9.7, at 37°. Aliquots of this re. 
action mixture were analyzed for inorganic phosphate (3). In cases jp 
which the protein content of the mixture interfered with color reading, 
phosphate analyses were performed on trichloroacetic acid filtrates of the 
reaction mixtures. Enzyme concentrations were adjusted so that no more 
than 6 per cent of the available substrate was hydrolyzed. Under these 
conditions the activity was linear with respect to enzyme concentration 
and time of incubation. Unless otherwise noted, all phosphatase deter- 
minations were performed in this manner. 

Protein Determinations—Protein in the enzyme preparations was deter- 
mined by a biuret color method (4). The method was adapted for the 
Klett photoelectric colorimeter, with use of crystalline bovine serum al- 
bumin as the standard. 

Immunization Procedure—A suspension of alum-precipitated dog in- 
testinal phosphatase was administered intravenously to seven white male 
rabbits (2.5 to 3.5 kilos in weight). A total of 28 mg. of antigen protein 
was administered to each animal in a series of eighteen graded injections, 
The rabbits were bled 1 week after the last injection and the serum pre- 
served with 0.1 per cent phenol. This concentration of phenol was without 
effect on phosphatase activity. The pH of the rabbit sera was 7.8 at 25°. 


EXPERIMENTAL 


Qualitative Detection of Antibody—The phosphatase solution, at an initial 
concentration of 3.75 mg. of protein per ml. in 0.15 m saline, was serially 
diluted 1:3 with saline for these tests. Equal volumes of immune serum 
and phosphatase solution were mixed, incubated for 2 hours at 37°, and 
read after 16 hours at 4°. 

Each of the seven immune sera gave precipitates with the phosphatase 
preparation down to an antigen concentration of 3.9 y per ml. Sera from 
normal rabbits yielded no precipitates under these conditions. 

It was thus evident that antibodies had been formed against at least 
some components of the enzyme preparation, and that such precipitating 
antibodies were absent from normal serum. 

Test for Homogeneity of Immune Serum Antibodies—To determine 
whether or not the antibodies had been formed against only a single com- 
ponent of the antigen preparation, samples of pooled antiserum were 
examined by the agar diffusion technique (5). <A saline solution of the 
antigen containing 1.25 mg. of protein per ml. was layered over a 1:1 dilu- 
tion of the antiserum in 0.03 per cent agar, pH 6.9. Appropriate controls 
were run simultaneously. 

At least six antigen-antibody precipitin zones were located, indicating 
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considerable heterogeneity of both the enzyme preparation and the im- 
mune serum antibodies. 

Influence of Immune Serum on Phosphatase Activity—The multiplicity of 
precipitating antigen-antibody systems made it necessary to establish 
specifically that a system involving the enzyme per se was among them. 
The test adopted involved precipitation of antigen with an excess of anti- 
body and analysis of the supernatant liquid for phosphatase activity. The 
percentage of the enzyme activity removed by precipitation could then be 
calculated. 

20 y of antigen protein in 0.20 ml. of 0.15 m saline solution were mixed 
with 0.20 ml. of immune serum at pH 7.8. After incubation at 25° for 0.5 
hour and at 4° for 3.5 hours, the mixture was centrifuged and the clear 
supernatant solution analyzed for enzyme activity. Suitable controls of 
enzyme and serum were run simultaneously. The serum from each of the 
seven immunized rabbits precipitated 96 to 99 per cent of the phosphatase 
activity initially present. Serum obtained from these rabbits prior to im- 
munization did not influence the activity of the intestinal phosphatase. 
The immune sera were thus shown to contain antibodies against the alka- 
line phosphatase from dog intestine. 

The immune sera were pooled for use in the remaining parts of this in- 
vestigation. 

Quantitative Precipitin Test of Phosphatase-Antiphosphatase System—The 
nature of the reaction between the phosphatase and its antibody is depicted 
in Fig. 1. Increasing amounts of antigen were added to a series of tubes 
containing a constant amount, 0.20 ml., of antiserum. The mixtures were 
centrifuged to remove any precipitate after standing for 0.5 hour at 25° 
and 3.5 hours at 4°. Aliquots of the supernatant fluids were then tested 
for phosphatase activity at pH 9.7. 

Complete precipitation of the enzyme occurred at low concentrations of 
antigen (20 to 40 y per 0.4 ml.).' With increasing amounts of antigen the 
antigen-antibody complex became increasingly soluble, until at the higher 
concentrations all of the antigen-antibody complex was rendered soluble. 

This behavior, namely the ability of an excess of antigen to render soluble 
an antigen-antibody complex, is a characteristic of antigen-antibody reac- 
tions (6-9) and supports the belief that the reaction described for phos- 
phatase belongs to that class of reactions. 

Enzymatic Activity of Antigen-Antibody Precipitate—Activity measure- 
ments were carried out on the precipitate to determine whether combina- 
tion of enzyme with antibody entailed a loss of enzymatic activity. Since 

‘At concentrations below 20 y per 0.4 ml. the antigen is not completely precipi- 


tated. This portion of the curve (not shown in Fig. 1) will be discussed in a future 
publication. 
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the precipitates dissolved under the conditions normally used for enzyme 
assay (pH 9.7), activity measurements of the enzyme-antibody complex 
were carried out at pH 7.8, the pH at which precipitation occurred. 

0.5 ml. of phosphatase solution (50 y of protein) was mixed with an equal 
volume of the immune serum at pH 7.8 and incubated at 25° for 0.5 hour 
and at 4° for 16 hours. The mixture was centrifuged and the clear super. 
natant fluid diluted to 11.67 ml. with a saline solution containing MgC, 
(1.0 X 10 Mm) and acetate-Veronal buffer of pH 7.8 (2.15 X 107 wy), 
The precipitate was washed with 11.67 ml. of this same solution and then 
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Fig. 1. Influence of phosphatase (antigen) concentration on the precipitation of 
phosphatase by its antiserum. 





suspended in a second 11.67 ml. portion of this solution. The volume of 
this solution and the concentration of its components are those used in the 
activity determination. To 3.5 ml. aliquots of the diluted supernatant 
solution, the washings, and the suspension of the precipitate were added 
0.5 ml. portions of the substrate solution (2 X 10— m sodium §-glycero- 
phosphate), pH 7.8. The inorganic phosphate liberated as a result of 
enzyme action was measured after a 20 minute incubation period at 37°. 
Suitable controls were run simultaneously. 

From Table I it is seen that the activity was recovered almost quantita- 
tively in the washed precipitate suspension, none remaining in the super- 
natant fluid and only a very small percentage in the wash liquid. 

From these data it is clear that the activity observed for the enzyme- 
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antibody precipitate cannot be attributed to any portion of it which is 
soluble or which is dissociated as a result of dilution. 

Influence of Substrate on Activity and Formation of Antigen-Antibody Pre- 
cipitate--It has been shown (10) that inhibition of an enzyme by its anti- 
body occurs at low substrate concentrations and that formation of the en- 
zyme-antibody precipitate is blocked by high substrate concentrations in 
the case in which substrate and antibody compete for the catalytic site of 
the enzyme. 


TaBLeE | 
Recovery of Activity Following Precipitation of Phosphatase by Its Antiserum 

















Fraction Activity recovered 
ek) Maas ites ain aoe per cent - 
i aihans: «o's aici thinie peach vias ian preiaiys in | 0 
Washed precipitin. .. A I RR Pg 105 + 3 
ET She Ae 5 av. Shy Pb ais pte ee og ae dee eh ee | 5+1 

TaBLe II 
Influence of Substrate on Activity of Enzyme-Antibody Complex 
Initial substrate concentration Activity oT" to 
M } per cent 
0.025 102 
0.010 96 
0.0050 89 
0.0025 86 


0.00125 87 


Table II shows that the activity of a suspension of the washed antibody- 
antigen precipitate was 102 per cent of the activity of the free enzyme with 
0,025 m substrate and decreased to a level of about 87 per cent at the lower 
concentrations of substrate. Precipitation of the enzyme by its antibody 
was also carried out in the presence of a concentrated solution of the sub- 
strate (0.1 M)? plus MgCl, (0.01 M) at pH 7.8. An equal amount of the 
enzyme, precipitated in the absence of substrate, served as the control. 
A comparison of the activities of suspensions of the washed precipitates 
against 0.025 m substrate at pH 7.8 showed that in the presence of sub- 
strate only 88 per cent as much activity was precipitated as in its absence. 

? Approximately 7 per cent of the available substrate underwent hydrolysis dur- 


ing the precipitation period. Therefore the substrate concentration ranged from 
0.093 to 0.10 m during this period. 
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These two experiments indicated that the enzyme preparation is a mix. 
ture of two alkaline phosphatases’ in the ratio of 88:12, on an activity basis, 
and that the antiserum contains precipitating antibodies against both 
fractions. The antibodies against the minor component are directed 
against the catalytically active site of the enzyme, while those against the 
major phosphatase fraction involve a site other than the catalytic one, 
Further, the fact that precipitation of the enzymes by the antiserum was 
carried out in the presence of an excess of antibody suggests that the non. 
‘atalytic portions of the two phosphatases are dissimilar. 


DISCUSSION 


Serum from rabbits immunized with a preparation of alkaline phos. 
phatase from dog intestine quantitatively precipitates the enzyme from 
solution. The reaction pattern of enzyme with antiserum, particularly the 
failure of the antigen-antibody complex to precipitate in the presence of 
an excess of enzyme, is characteristic of antigen-antibody reactions. The 
influence of substrate on the formation and activity of enzyme-antibody 
precipitates indicates the presence of two phosphatase components in the 
enzyme preparation, as well as antibodies specific for each in the antiserum. 
The catalytic site of the major phosphatase component does not appear to 
be involved directly or blocked by combination with its antibody. In this 
respect it resembles several other enzyme-antibody systems (11-13). In 
so far as reaction of the minor phosphatase fraction with its antibody in- 
volves combination with the catalytic group of the enzyme and loss of 
activity, this system too resembles some already reported (14-18). 


SUMMARY 


1. Antibodies to the alkaline phosphatase from dog intestine have been 
produced in rabbits after injection of the alum-precipitated enzyme. 

2. The enzyme, which appears to be a mixture of phosphatases, is quan- 
titatively precipitated by the antibodies. 

3. Combination of the major phosphatase component with its antibody 
takes place without affecting the enzymatic activity. 

4. Activity of the minor enzyme component is influenced by combina- 
tion with its antibody. 

5. The significance of these observations is discussed. 


The author wishes to thank Dr. Oscar Bodansky and Dr. David Press- 
man of the Sloan-Kettering Institute for Cancer Research for the many 
3 The absence of neutral or acid 8-glycerophosphatase was established from the 


plot of pH versus activity for the enzyme. The a-glycerophosphate content of the 
substrate was less than 0.1 per cent. 
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valuable discussions and helpful criticisms received in the course of this 


work. 
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Alkaline phosphatases are known to occur in the various body tissues and 
in the blood serum. It may reasonably be said that the phosphatase of 
serum is a mixture of the enzymes contributed by the tissues in varying 
amounts. Under pathological conditions the contribution of phosphatase 
from particular tissues may be increased enormously. This fact has been 
utilized as an aid in clinical diagnosis. It could enjoy even greater use if 
the origin of the elevated serum phosphatase in disease could be established 
with certainty. 

Many methods for a differentiation of the alkaline phosphatases from 
different tissues have been reported (2-8), based on differences in the re- 
sponse of the enzymes to activators and inhibitors. Such methods have 
elicited some differences. But the possibility exists (3) that the differences 
in response are related to differences in binding of the activators or in- 
hibitors by components of the enzyme preparations other than phos- 
phatases. The specificity often achieved with immunochemical reactions 
suggested that this approach might be of additional aid in differentiation. 

The preparation of the phosphatase from dog intestine and the produc- 
tion of antibodies against it have been described (9). To be described be- 
low is the preparation of phosphatases from the intestine of dog (DIP-B), 
rat (rIP), rabbit (RIP), and bovine (BIP) origin, and from the kidney 
(DKP) and liver (DLP) of dog. A characterization of these enzymes in 
terms of the influence of pH, activators, and inhibitors on their activity 
and an immunochemical differentiation based on the specificity of the anti- 
dog intestinal phosphatase antibodies are also presented. 


Materials and Methods 


Preparation of Alkaline Phosphatases—The tissues investigated were the 
intestine of dog, rat, rabbit, and bovine! origin, and the kidney cortex and 


*A preliminary report of this work has appeared (1). This investigation was 
supported in part by a research grant (No. C-1351) from the National Cancer Insti- 
tute of the National Institutes of Health, United States Public Health Service. 

'The bovine intestinal phosphatase was a commercial sample, prepared accord- 
ing to Schmidt and Thannhauser (10). The author is indebted to Dr. L. L. Lachat 
of Armour and Company for supplying this material. 
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liver of the dog, obtained from well nourished, adult animals under ether o 
Nembutal anesthesia. The dog organs were exhaustively perfused in sity 
with saline and water to minimize contamination of their phosphatases 
with those present in blood. All of the enzymes were prepared by a pro. 
cedure (11) which involved autolysis of the tissue and fractional precipita. 
tion with ethanol. A typical preparation is presented here. 

The tissue was blended with an equal volume of 50 per cent ethanol and 
0.1 volume of a 1:1 mixture of ethyl acetate and toluene. The blended 
tissue was autolyzed at room temperature for 70 hours, and the pH was 
maintained at 6.8 to 6.9 by additions of a 3 per cent NaOH solution. The 
mixture was then centrifuged, the supernatant solution cooled to 10°, and 
its pH adjusted to 4.6 at 10°. After standing 1 to 2 hours at —10°, the 
solution was clarified by centrifugation and the phosphatase precipitated 


TaBLeE I 
Relative Activity of Alkaline Phosphatase Preparations 


Phosphatase preparation Relative specific activity 
DIP-A 100 
DIP-B 59 
DLP 12 
DKP 2 
RIP 9 
rIP 7 
BIP 5 


See the text for notation of the phosphatases. 


by the addition of 1.5 volumes of ethanol at 4°.2 The precipitate was 
collected by centrifugation, washed with ethanol, and dried in a vacuum 
in the cold. The products obtained in this fashion were white to cream- 
colored powders, partially soluble in water or saline. 

The relative activities of the enzyme preparations are given in Table I. 
The reference substance, DIP-A, is the material previously prepared from 
dog intestine (9). 

Anti-Dog Intestinal Phosphatase Antiserum—The pooled rabbit antiserum 
prepared against dog intestinal phosphatase (DIP-A) (9) was used in this 
study. 

Determination of Protein Concentration and Phosphatase Activity—Analy- 
ses of the enzymes for protein concentration and phosphatase activity were 
carried out as previously described (9). 

2 In the case of the liver phosphatase, ethanol was added to a concentration of 


about 40 per cent instead of 70 per cent to reduce the contamination by non-phos- 
phatase proteins. 
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EXPERIMENTAL 


Comparison of Alkaline Phosphatases on Basis of Optimal pH—Measure- 
ments were made of the optimal pH for the activity of each enzyme prep- 
aration. Veronal buffers (6.25 K 10-? M) of pH 9.1, 9.4, 9.7, and 10.0 at 
37° were used. The pH of the activity mixtures was found to remain con- 
stant to within 0.15 pH unit over the 20 minute incubation period. The 
concentrations of substrate, buffer, and magnesium used are those already 
described (9). The first line of Table II summarizes the results of this 
experiment. It may be seen that the optimal pH for all of the enzymes, 
regardless of source or purity, is about 9.7 at 37°, under the conditions used. 

Comparison of Alkaline Phosphatases on Basis of Response to Activators 


TABLE II 


Influence of pH, Magnesium, Cyanide, Fluoride, Taurocholate, and Histidine on 
Activity of Alkaline Phosphatases 


| DIP-A| DIP-B| DLP DKP RIP rIP BIP 


Optimal pH 9.71 8.21 82) OF} B21 94 9.7 
Activation by 0.0125 m Mg 1.3) 1.4 1.8| 2.4 1.3 i34 1.3 
ae “0.025" “ 1.3 | ‘3 

% inhibition by 
0.0125 m cyanide | 99 99 |98 | 97 91 98 100 
0.01 m fluoride 4 | 6 |15 | 16 8 17 7 
0.01 ‘* taurocholate 6 | 7 5 57 9 24 4 
0.001 m - 4 3 12 26 3 10 3 
0.01 m histidine 94 | 94 89 89 90 97 94 
0.002m ‘“ 64 69 78 60 57 77 82 


and Inhibitors—The influence of activators (Mgt+) and inhibitors (CN-, 
F-, taurocholate, and histidine) was tested on each enzyme. These are 
among the substances which have received the widest use in attempts to 
differentiate the alkaline phosphatases from different tissues (2-8). Incu- 
bation mixtures were set up at pH 9.7 in the usual manner (9), but included 
the activator or inhibitor at the concentration indicated in Table II. Ac- 
tivator and inhibitor solutions were adjusted to pH 9.7 at 37° before use. 
Measurement of pH at the end of each run showed that the pH of the incu- 
bation mixture had remained constant to within 0.15 pH unit. The pH, 
9.7, used was that optimal for the system in the absence of inhibitors. For 
the purposes of this study it was not necessary to ascertain the influence, 
if any, of the inhibitors on the pH optimum. 

The data of Table II show that with respect to activation by magnesium, 
all of the enzymes were affected to about the same degree (1.1- to 2.4-fold 
activation). Further, the use of cyanide and fluoride failed to show any 
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differences among the phosphatases used here. Similarly, the addition of 
histidine did not appear to show any significant differences among either 
the intestinal phosphatases of the different species or among the liver, 
kidney, and intestinal phosphatases of the dog at pH 9.7. In general, it 
may be said that, on the basis of their response to pH, Mgt, F-, CN-, 
and histidine, under the conditions tested, all of the enzymes, heat tres 
different tissues of the same species as well as those from the same tisgye 
of different species, resemble each other very closely. Such differences as 
do occur are small. The differences observed for response to taurocholate 
appear somewhat greater. 

Comparison of Alkaline Phosphatases on Basis of Their Precipitin Rea. 
tion with Anti-Dog Intestinal Phosphatase Antiserum—Precipitation of phos. 
phatase activity by the antiserum against dog intestinal phosphatase 


TaBLe III 
Precipitation of Alkaline Phosphatases ses by Dog Intestinal Phosphatase Antiserum 





: thane nice 
| Precipitation of DIP-A from 








Enzyme | Precipitation by DIP-A antiserum | phosphatase mixture by DIP-A 
| antiserum 
| per cent per cent 

DIP-A 97-100 

DIP-B | 100 

DLP 0 | 97 

DKP 1 | 99 

RIP 0 | 98 

rIP 0 100 

BIP 1 


_ (DIP-A) was the criterion used to establish immunochemical similarities 
and differences among the enzymes. 

Mixtures containing antiserum (0.20 ml.) and enzyme (0.20 ml. con- 
taining the equivalent of 20 y of DIP-A) were incubated for 0.5 hour at 
25°, 3.5 hours at 4°, and centrifuged to remove precipitates if any formed. 
The clear supernatant fluids were then analyzed for residual enzyme ac- 
tivity. The results of this experiment, carried out in duplicate, with ap- 
propriate controls, are shown in Table ITI. 

The phosphatases from dog intestine, whether prepared by fractionation 
with acetone (DIP-A) or aleohol (DIP-B) were completely precipitated by 
the antiserum to the acetone-prepared enzyme, and hence were immuno- 
chemically indistinguishable. On the other hand, the phosphatases from 
the intestine of rabbit, rat, and bovine origin or from the liver or kidney 


of dog were not precipitated by the intestinal phosphatase antiserum. 
The possibility existed that the enzymes were identical, but that failure 
to obtain precipitates with these enzymes was due to the presence of large 
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amounts of immunochemically similar but enzymatically inactive antigens. 
Such conditions might produce a state of antigen excess and cause complete 
solubility of the precipitate (ef. (9)). Accordingly, to each of the enzymes, 
in amounts equivalent to 20 y of DIP-A in activity, were added 20 y of 
pIP-A. To these enzymes, in 0.2 ml. of saline, was then added an equal 
yolume of the antiserum. After incubation as described above the mixture 
was centrifuged and the activity in the supernatant fluid was estimated in 
theusual manner. The percentage of DIP-A precipitated by its antiserum 
from the mixture was calculated from the results of these runs and from 
runs of each enzyme alone with the antiserum. The data, summarized in 
Table III, show that the presence of the other phosphatases did not inter- 
fere with the precipitation of DIP-A by its antiserum. Had the possi- 
bility considered above obtained, then DIP-A too would have become 
soluble. It may therefore be said that the phosphatases prepared from 
these tissues are different from the one isolated from dog intestine. 


DISCUSSION 


By means of the antibody specificity a differentiation has been made 
between the phosphatase from dog intestine and the intestinal phosphatases 
of other species (rabbit, rat, bovine) and also between this phosphatase 
and those derived from other organs (liver, kidney) of the same species. 
The enzymes differentiated in this manner were all similar in their re- 
sponse to agents affecting enzyme activity (pH, Mg*t, CN-, F-, histidine). 

An interpretation of these experimental results, i.e. immunochemical dis- 
similarity and enzymatic similarity of the phosphatases, may best be 
sought for in terms of enzyme structure. Speaking then in terms of the 
major phosphatase component of each enzyme preparation,’ if we assume 
that the catalytically active sites of the enzymes are different despite the 
similarities mentioned, the immunochemical differentiation has been made 
among enzymatically and perhaps functionally dissimilar alkaline phos- 
phatases. On the other hand, if the similarity in response of the enzymes 
to pH, activators, and inhibitors reflects a similarity or identity of the 
active sites, then one must conclude that the immunochemical method has 
revealed structural differences in enzymatically and perhaps functionally 
similar phosphatases, but in portions of the molecule unrelated to catalytic 
activity. Since the physiological substrates and precise biological func- 
tion of the phosphatases dealt with are unknown,' this question cannot be 
resolved with finality. 

*The dog intestinal enzyme was shown to have approximately 12 per cent of a 
minor component (9). 

‘Preparations of the phosphatases by a procedure which involved prolonged 
treatment and fractionation with ethanol served to minimize interference from the 


alecohol-labile hexosediphosphatase of Gomori (12, 13) and the hexose-6-phosphatase 
described by Swanson (14) and de Duve et al. (15). 
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SUMMARY 


The alkaline phosphatases from dog intestine have been immunochep. 
ically differentiated from the phosphatases of rabbit, rat, and bovine jp. 
testine and from the phosphatases of the liver and kidney of dog. The 
species and organ specificity of these enzymes is thereby indicated. The 
implications of the immunochemical differences and of the similar effects 
of pH, activators, and inhibitors on these enzymes are discussed in terms 
of the structure-function relationship. 


The author wishes to thank Dr. Oscar Bodansky for his continued jp. 
terest and helpful criticisms in the course of this work. 
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ISOLATION OF A SULFATE ESTER OF HYALURONIC 
ACID FROM HEART VALVES 


By WILLIAM P. DEISS* ann ARTHUR 8S. LEON 
(From the Department of Medicine, Medical School, and the Department 
of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 17, 1953) 


The most characteristic components of the intercellular matrix, or ground 
substance, of connective tissue are the highly polymerized acid mucopoly- 
saccharides. Meyer and Rapport (1) distinguish five such acid mucopoly- 
saccharides isolated from ground substance: three chondroitin sulfates (A, 
B, and C), hyaluronic acid, and hyaluronosulfate. These polymers have 
become of particular interest in recent years as a result of increasing 
interest in diseases of connective tissue, commonly termed ‘‘collagen dis- 
eases,” in which the earliest: and most profound alterations are found in 
the ground substance (2,3). In at least one such disease, rheumatic fever, 
one of the most destructive lesions involves the heart valves. Meyer and 
Rapport (1) have reported the isolation of chondroitin sulfates B and C 
from heart valves and the absence of hyaluronic acid and hyaluronosulfate. 
The purpose of this paper is to describe the isolation from heart valves of a 
sulfated mucopolysaccharide acid apparently identical with hyalurono- 
sulfate, which has been previously found only in cornea (4). 


Methods 


Preparation and Extraction of Tissue—All four valves from the hearts 
of cattle of all ages were dissected from muscle and fatty tissue within 
15 to 30 minutes after the cattle were slaughtered.! The valves were rinsed 
free of contaminating blood by running tap water and minced in an electric 
meat grinder within 1 hour. The valves from 100 to 300 hearts were 
used in each extraction. 

A number of extracting media were utilized in which the valves were 
allowed to stand for 24 to 48 hours at 2-4°. No detectable mucopolysac- 
charides were extracted with water. Neutral salt (0.5 m NaCl) extraction 
yielded a slightly viscous solution which, after dialysis against water, be- 
came more viscous and produced a mucin clot upon acidification. It was 
found that extraction with dilute alkali (0.01 and 0.005 n NaOH) carried 


*Research Fellow of the Arthritis and Rheumatism Foundation. 
'We are indebted to Oscar Mayer and Company, Madison, Wisconsin, for the 
opportunity of collecting tissue in their slaughter-house. 
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the extraction of the viscous material to completion more rapidly, pr. 
ducing very viscous solutions from which typical mucin clots were formed 
upon acidification. For routine use in the preparation of the final product, 
therefore, 0.01 N NaOH was adopted as the extraction solvent. The 
minced valves were treated with 4 volumes of this solvent three times, 

Isolation of Mucopolysaccharide—The 0.01 N NaOH extracts were filtered 
through cloth, and glacial acetic acid was added to a final concentration 
of 1 per cent to form a typical mucin clot, thus eliminating much protein 
in the supernatant solution and any chondroitin sulfate that may haye 
been present (5). The clot was collected on a cloth filter and washed ex. 
haustively with distilled water. In the isolation of Preparation I the 
mucin clot was redissolved in 7 per cent NaOAc at pH 8.5, and the solution 
was deproteinized by mechanical stirring with chloroform and amy] alcohol 
(6) until very little interfacial gel remained. The aqueous phase was 
acidified to pH 4.5 and treated with Lloyd’s reagent (30 gm. per liter) 
several times. After dialysis for 3 days against running tap water, the 
mucopolysaccharide was precipitated at pH 4.5 with 3 volumes of cold 
95 per cent ethanol. 

It was noted that large amounts of the mucopolysaccharide were lost 
in the chloroform-amy] alcohol interfacial gel, owing apparently to firm 
binding to the protein, unless the mucin clot was previously digested with 
pepsin and trypsin under the conditions described by Jeanloz and Forchielli 
(7). Therefore, in the isolation of Preparation II these proteolytic enzymes 
were used prior to the chloroform-amyl] alcohol extraction. Zn(OH), at 
pH 7.2 (adding 10 per cent Zn(OAc)2 and neutralizing) was then used for 
adsorbing the nitrogenous impurities of this preparation. After dialysis 
against running tap water for 7 days, this preparation was precipitated at 
pH 4.5 with cold 95 per cent ethanol. 

In both Preparations I and II the ethanol precipitates were redissolved 
in water to form somewhat opalescent viscous solutions and reprecipitated 
in 3 volumes of ethanol. In each case the white fibrous precipitates were 
washed with acetone and dried in vacuo at 70° in the presence of P.0;. 
The dried preparations were very hard and somewhat translucent. The 
mucopolysaccharide redissolved readily in water and gave a negative iodine 
test for glycogen. Preparation I consisted of 400 mg. (corrected for mois- 
ture and ash) of the mucopolysaccharide, obtained from approximately 800 
gm. dry weight of heart valves, the combined valves of about 400 hearts. 
Preparation II consisted of 650 mg. (corrected for moisture and ash) of 
the mucopolysaccharide, obtained from approximately 250 gm. dry weight 
of heart valves, the combined valves of 125 hearts. The yield of 0.26 per 
cent in Preparation II as compared to 0.05 per cent in Preparation I em- 
phasizes the value of the proteolytic enzymes for the purification of this 
mucopolysaccharide. 
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Analytical Methods—Nitrogen was determined by the standard micro- 
Kjeldahl method. Hexosamine was determined by the procedure of Hewit 
(8), glucosamine hydrochloride subjected to the same conditions as the 
sample being employed as a standard. Suzuki’s method (9) for acetyl 
determination was used. The theoretical value was obtained with this 
procedure on standards of pentaacetyl-p-glucose. Hexuronic acid was es- 
timated by the carbazole method (10), with glucuronolactone as a standard. 
Sulfur was determined gravimetrically as non-diffusible, acid-hydrolyzable 
sulfate on Preparation I, and by the microvolumetric method of Alicino 
(11) as modified by Meyer and Rapport (12) on Preparation II. Moisture 


TABLE I 


Analysis of Purified Heart Valve Mucopolysaccharide Preparations* 


Preparation I Preparation II 
Equivalent Equivalent 
per per 
equivalent of equivalent of 
| hexosamine | hexosamine 
per cent ‘ cent 
eon a ncnrens dailies 3.68 | 1.21 3.12 | 1.12 
Es 5. adv dons satan e heen aa 8.42 0.91 
Hexosamine....... Se eae 38 .60 1.00 35.60 | 1.00 
Hexuronic acid....... eres 43.8 1.05 
EEC Per ree 7.95 1.15 7.48 1.16 
Optical rotation, degrees egarkintes —58.1 
Total reducing sugar, %............ 75.5 
Acid equivalent weight............. 563 


*The analytical data are corrected for moisture and ash. 


content was estimated by drying 100 mg. samples in small crucibles for 
48 hours at 115° in vacuo over POs. Ash was determined on the same 
samples by ignition. Reducing sugar (as glucose) was determined by the 
micro titration method of Miller and Van Slyke (13) after acid hydrolysis 
for 8 hours. Acid equivalent weight was estimated by titration with 
0.01 n NaOH (14). Optical rotation was determined in a Schmidt and 
Haensch polarimeter? on a neutralized sample at 25°. Ostwald viscometers 
were used for the viscosity studies at 37°. 


Results 
Analysis of the mucopolysaccharide is summarized in Table I. 
Enzymatic H ydrolysis—Testicular hyaluronidase (Wyeth) was effective 


*Thanks to Dr. K. P. Link of the Department of Biochemistry, University of 
Wisconsin, for the use of his polarimeter. 
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in reducing the viscosity and preventing mucin clot formation of the 
original extracts of the minced valves. Pneumococcal hyaluronidase 
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Fic. 1. Effect of pneumococcal hyaluronidase on the viscosity of an aqueous (pH 
7.2) solution of partially purified heart valve mucopolysaccharide at 37°. The ini- 
tial relative viscosity of the solution was 5.9. 


Taste II 
Hydrolysis of Purified Heart Valve Mucopolysaccharide by Pneumococcal 
Hyaluronidase 

Hydrolysis was followed by determination of reducing sugar liberated in acetate 
buffer, pH 5.9, at 37°. The total reducing sugar liberated by acid hydrolysis (75.5 
mg. per 100 mg. of mucopolysaccharide) was taken as 100 per cent hydrolysis. Com- 
parison is made with similar data by Meyer and Chaffee (4) for umbilical cord hy- 
aluronic acid and corneal hyaluronosulfate. 

| Per cent hydrolysis 


Acid mucopolysaccharide preparation 
| 


| 2 hrs. | 20 hrs. | 48 hrs. 
Heart valve mucopolysaccharide as 8 39 
Corneal Hyaluronosulfate 1 15 53 55 
, 4 2 9 37 44 
Cord hyaluronic acid. . ‘eo 44 78 87 


preparations’ from the supernatant broth of a culture of pheumococeus, 
type I, were used in determining enzymatic hydrolysis of the acid muco- 
: ’ £ : : h 


ology, University of Wisconsin Medical School. 


’ Kindly supplied by Dr. C. V. Seastone of the Department of Medical Microbi- 
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polysaccharide. Controls for these studies in which comparable culture 
preparations were employed without the active enzyme were performed. 
The effect of the pneumococcal hyaluronidase on the viscosity of a partially 
purified preparation (1.1 mg. of N and 0.58 mg. of hexosamine per ml.) 
of heart valve mucopolysaccharide is illustrated in Fig. 1. A very rapid 
initial rate of reduction in viscosity is apparent. 

Hydrolysis of purified mucopolysaccharide by the pneumococcal hyalur- 
onidase is demonstrated in Table IT in terms of liberation of reducing sugar. 
A comparison of the hydrolysis rate of heart valve mucopolysaccharide 
with that reported by Meyer and Chaffee (4) for umbilical cord hyaluronic 
acid and corneal hyaluronosulfate is presented. It is apparent that the 
rate of hydrolysis is quite similar to that of the latter, and slower than 
that of hyaluronic acid. 

DISCUSSION 

From the analytical data it is apparent that there are roughly equimolar 
quantities of hexosamine, hexuronic acid, acetyl, and sulfate present in the 
purified mucopolysaccharide, establishing it as a monosulfate ester of an 
acid mucopolysaccharide. Its depolymerization, as manifested by the 
rapid rate of viscosity reduction, and its hydrolysis, as evidenced by libera- 
tion of reducing sugar, upon incubation with pneumococcal hyaluronidase, 
establish this heart valve mucopolysaccharide as a substrate for the pneu- 
mococcal enzyme. ‘This characteristic differentiates it from the chondroi- 
tin sulfates which do not act as substrates for pneumococcal hyaluronidase 
(1). This differentiation is further evidenced by the fact that the viscous 
heart valve extracts form firm mucin clots, whereas chondroitin sulfate 
solutions do not. 

The only other reported sulfated acid mucopolysaccharide isolated from 
connective tissue that functions as a substrate for pneumococcal hyaluroni- 
dase is corneal hyaluronosulfate (4). The heart valve and corneal hyal- 
uronosulfates appear to be identical, although further chemical sti dies 
are necessary to substantiate this. Their rates of hydrolysis by pneumo- 
eoceal hyaluronidase have been shown to be quite similar. The optical 
rotation, —58.1°, and acid equivalent weight, 563, of heart valve hyalurono- 
sulfate are comparable to those of the corneal mucopolysaccharide, —51° 
and 560, respectively. 

The presence of hyaluronosulfate in human heart valves is strongly sug- 
gested by the observation that a viscous solution that forms a typical mucin 
clot upon acidification is extracted from human valves by the same pro- 
cedure used for extraction of the mucopolysaccharide from bovine valves. 
Further evidence that they are the same is the demonstration that both 
testicular and pneumococcal hyaluronidases rapidly reduce the viscosity 
and prevent clot formation in the human valve extract. 
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SUMMARY 


1. From a dilute alkaline (0.01 Nn NaOH) extract of fresh bovine heart 
valves an acid mucopolysaccharide, unlike those previously isolated from 
this tissue, was isolated having equimolar quantities of hexosamine, hey. 
— acid, acetyl, and sulfate. 

. Tentative classification of this heart valve mucopolysaccharide as ; 
ddl ester of hyaluronic acid, apparently identical with corneal hya- 
luronosulfate, is based on its optical rotation and its enzymatic hy drolysis 
by both testicular and pneumococcal hyaluronidases. 

3. Presumptive evidence that hyaluronosulfate is present in humap 
heart valves was discussed. 


Addendum—Since this paper was submitted, Meyer et al. (15) have reported that 
corneal hyaluronosulfate is a mixture of three mucopolysaccharides. The possibil. 
ity that this is true of the heart valve mucopolysaccharide is being investigated, 
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EXTRACTION AND COLORIMETRIC MEASUREMENT OF 
RAT TESTICULAR HYALURONIDASE* 


By ROGER L. GREIFt 


(From the Hospital of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, August 13, 1953) 


The hyaluronidase content of extracts of rat testes has been estimated by 
the ability of these extracts (a) to increase the area of spread of intrader- 
mally injected substances, (b) to decrease the viscosity of hyaluronic acid 
solutions, and (c) to decrease the turbidity which results when hyaluronic 
acid is mixed with protein in an acidic environment. As the germinal epi- 
thelium increases in maturity, the hyaluronidase content of testicular ex- 
tracts has been found by Riisfeldt (1) to increase to maximal normal values 
when spermatogenesis has attained adult levels. A further increase in en- 
zyme content has been produced by the administration of testosterone 
propionate to adult animals (2). The intraabdominal testes of rats made 
unilaterally cryptorchid by surgical means have a much lower hyaluroni- 
dase content than do the contralateral scrotal testes (3). The testes of hy- 
pophysectomized rats have also been shown to contain diminished amounts 
of this enzyme (4). 

The purpose of the present investigation was to study the effect on tes- 
ticular hyaluronidase of the administration of an estrogenic substance to 
adult rats. A colorimetric method for the assay of purified bovine hyalu- 
ronidase activity (5) has been adapted to the measurement of the enzyme 
content of crude aqueous suspensions of rat testis. To measure activity in 
samples which contain up to 100 y of nitrogen, alteration of the substrate 
standards was required. On the basis of kinetic studies, a 15 minute reac- 
tion time was adopted, and the means of expressing enzyme activity was 
changed. A simplified method for the satisfactory preparation of sub- 
strate is described. Conditions for extraction of maximal amounts of en- 
zyme have been reinvestigated, as has the effect of the administration of 
estrogen to adult rats on the hyaluronidase content of the testes. 


EXPERIMENTAL 


Reagents—Details of the composition of buffers and color reagent are 
given elsewhere (5). 


* This work was, in part, carried out while the author held a Damon Runyon Clin- 
ical Research Fellowship from the American Cancer Society. 


t Present address, Department of Physiology, Cornell University Medical College, 
New York. 
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Color Reagent—Because of differences between plasma samples employe 
tu make this solution, the following technique has been adopted: Plasm, 
is mixed with the solution of citrate-phosphate buffer, bromosulfalein, ang 
urea until the appearance of a dense turbidity. Enough plasma is they 
added dropwise with mixing until the solution has again become clear. The 
final pH of the color reagent should be 3.5. The solution is then tested fo 
linearity of the relation between substrate concentration and color intensity 
expressed as optical density. To achieve this linearity it may be necessary 
to add more plasma to the color reagent. When a satisfactory batch is pre. 
pared, it may be stored in small lots at —20° and thawed as needed. 

0.2 m acetate buffer, pH 6.0, is prepared to contain 0.3 m NaCl for dily. 
tion of aqueous suspensions. 

Substrate—Substrates prepared in several ways were tested by incuba. 
tion for varying lengths of time at 37° with purified bovine testicular by. 
aluronidase (6). The results of such a test are shown in Fig. 1 with sub. 
strates isolated by the methods of Byers et al. (7) and Tolksdorf et al. (8) 
from human umbilical cords and with a substrate prepared from bovine 
umbilical cords in another laboratory. Substrate isolated by the follow. 
ing simple technique gave results similar to those obtained with the Tolks- 
dorf preparation. 

Human umbilical cords were stored at —20° until use. They were then 
thawed, stripped manually to remove as much blood as possible, and ground 
in a motor-driven meat grinder. The ground cords were mixed with an 
equal volume of distilled water and placed in an Arnold sterilizer. The 
temperature was raised to 100° for 30 minutes; then the mixture was allowed 
to stand at 0° for 12 hours. The large pieces of umbilical cord were re- 
moved by straining through cheese-cloth, and the dark red viscous filtrate 
was again heated at 100° for 30 minutes. After the mixture had been 
cooled to 0°, it was centrifuged to yield a cloudy gray supernatant fluid and 
a brown precipitate. To the supernatant fluid were added 20 gm. of dia- 
tomaceous silica filter aid' per liter. The liquid was then filtered through 
a medium grade filter paper in a Biichner funnel. The filtrate appeared 
clear, straw colored or pink, and non-viscous. This filtrate was poured 
without stirring into 4 volumes of cold acetone. The stringy white or 
brown material which floated to the surface was removed, washed first 
with acetone and then with ether, and dried over CaCl. in vacuo at room 
temperature after the ether had evaporated in air. The product was then 
ground into a fluffy white or brown powder. The yield was 0.3 to 0.6 gm. 
per kilo (wet weight) of umbilical cords, and on analysis of a pool of several 
preparations the following values were obtained: moisture (after 6 hours 
at 100°) 13.04 per cent, ash 16.06 per cent, nitrogen 4.43 per cent, glucosa- 


! Filter-Cel, Johns-Manville. 
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mine 22.7 per cent (9), glucuronic acid 24.8 per cent (10), and sulfur 0.4 
per cent (11) (after 8 hours hydrolysis at 100° in 4 N HCl). 

Enzyme—Rat testes were stored at. —20° prior to assay. After the testes 
had been thawed, the tunicae albugineae were removed by dissection, and 
the pulp was ground by hand in an all-glass tissue grinder. The homog- 
enate so prepared was transferred by means of a wide mouthed silicone- 
coated pipette to small weighed tubes. To each 1 gm. wet weight of 
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Fig. 1. Relation of colorimetric change produced in three substrate preparations 
to reaction time with bovine hyaluronidase at 37°. 





homogenate were added 0.75 ml. of distilled water and 0.25 ml. of toluene. 
The contents of each tube were mixed thoroughly. The tubes were stop- 
pered with corks covered with aluminum foil and incubated at 37° for 4 
days. 3 ml. of distilled water were then added to each tube, which was in 
turn shaken vigorously for 30 seconds and centrifuged at 600 X g for 10 
minutes. At this point, the contents of the tubes presented a stratified ap- 
pearance, with a cake or emulsion at the surface, a cloudy intermediate 


? The apparent total activity of a homogenate decreases as the volume in which it 
is autolyzed increases. It is important that the volume of this suspension per gm. 
wet weight be kept constant if activities of preparations are to be compared. 
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liquid layer beneath, and a deposit of solid material at the bottom. Whe, 
the emulsion layer was broken, 3 to 4 ml. of intermediate liquid layer wer 
obtained by decantation from every gm. (wet weight) of tissue. This 
liquid was refrozen at —20° until assay. At the time of assay, the liquid 
was thawed and recentrifuged at 600 X g for 10 minutes to remove mor 
solid material. The clear or slightly cloudy pink supernatant fluid was 
diluted first with an equal volume of 0.2 m acetate buffer, pH 6.0, contaip. 
ing 0.3 m NaCl, and then with the amount of 0.1 m acetate buffer, pH 6), 
containing 0.15 m NaCl, required for the desired dilution. 

Total nitrogen was determined by means of a submicrotechnique modi- 
fied for use with quantities in the range 10 to 40 y (12). Determinations g» 
made were in close agreement with results obtained by means of a titrimet. 
ric semimicro-Kjeldahl technique with mercury catalyst. 

Assay Technique—0.5 ml. of each of three different concentrations of en- 
zyme was placed in centrifuge cuvettes in a 37° water bath. A solution of 
500 + of substrate per ml. was made in 0.1 M acetate buffer, pH 6.0, which 
also contained 0.15 mM NaCl. This substrate solution and the color reagent 
were kept at 37°. A timer was started when 0.5 ml. of substrate solution 
was added by means of a tuberculin syringe to the first of a series of cu- 
vettes. After 15 minutes, 2.5 ml. of color reagent were added with mixing 
to the tubes in the same order as was the substrate and with the same time 
interval between tubes. After each addition of color reagent, the cuvette 
was promptly removed to a water bath at 20-25°. The standards were 
prepared by the addition of 2.5 ml. of color reagent to 0.5 ml. of each con- 
centration of enzyme tested, followed immediately by addition of 0.5 ml. 
of substrate. The remainder of the assay was carried out as previously 
described (5). 

Calculations—The optical density due to the bromosulfalein in the stand- 
ard tube prepared to contain 250 y of substrate and enzyme solution which 
had not interacted (zero time) was divided by the optical density of a solu- 
tion of identical composition in which the enzyme and substrate had been 
allowed to interact at 37° for 15 minutes. The logarithmyy of the figure so 
obtained was multiplied by twice the dilution to obtain the activity per 
ml. of suspension. Since 5 ml. of suspension contain 1 gm. wet weight of 
testis, the activity per ml. is multiplied by 5 to obtain activity per gm. 
Log (optical density at zero time)/(optical density at 15 minutes) X 2 X 
dilution = units of activity per ml. of suspension. Activity per ml. of sus- 
pension X 5 = activity per gm. (wet weight) of testis. 


Analysis of Technique 
Autolysis Time 


Perlman et al. (13) and Balazs and von Euler (14) have demonstrated 
that autolysis and freezing both increase the amount of hyaluronidase ob- 
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tained from rat testes. Since measurement of enzyme content was being 
attempted, conditions for maximal yield were investigated. Adult albino 
rats were killed by means of a blow on the head; the testes were removed 
and stored at —20°. After the testes were thawed, the tunicae albugineae 
were removed, and the testis pulp was ground by hand in an all-glass tissue 
grinder. 4 ml. of this homogenate were mixed with 3 ml. of distilled water 
and 1 ml. of toluene and allowed to stand at 37°. At appropriate intervals, 
1 ml. aliquots of the mixture were removed, vigorously shaken for 30 sec- 
onds with 1.5 ml. of distilled water, and centrifuged at 600 < g for 10 min- 
utes. The supernatant fluid was stored at —20° until it was assayed by 
the technique already described. Table I gives the data obtained in a 
typical experiment. As a result of several such experiments, 4 days were 
adopted as optimal autolysis time. 


TaBLe I 
Effect of Autolysis Time at 87° on Hyaluronidase Activity Per M1. of 
Rat Testicular Homogenate Extract 
1:10 dilution for analysis. 


| D at 0 min. | 





Autolysis | Log PRS ad Activity | Mg. N per ml. 

days units per ml. 

0 | 0.0128 | 0.26 | 2.20 

1 0.190 3.8 1.38 

2 0.418 8.4 1.40 

4 0.418 8.4 1.56 

6 0.212 4.2 1.62 

8 0.057 eT 1.56 


In four experiments, autolyzed suspensions were divided into two por- 
tions, only one of which was subjected to centrifugation. The mean ac- 
tivity of the uncentrifuged aliquots was 11.2 units per ml., whereas the 
mean activity of the supernatant fluids from the centrifuged aliquots was 
14.4 units per ml. These experiments show that no significant loss of ac- 
tivity results from the removal of solids by centrifugation. Since small 
amounts of bromosulfalein are retained by the inactive solids, this centri- 
fugation step improves the reproducibility of the assay. Bacterial con- 
tamination, either aerobic or anaerobic, was rare, and contaminated speci- 
mens were always discarded. 


Time of Enzyme-Substrate Contact at 37° 


Four dilutions of enzyme obtained from rat testis by the 4 day autolysis 
procedure were placed in contact with substrate for various time intervals. 
The lines in Fig. 2 were drawn by inspection and show that only at the 
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15 minute interval is log (optical density at zero time) / (optical density at 
15 minutes) directly proportional to the dilution. The 15 minute enzyme. 
substrate contact period has also been recently employed by Meyer and 
Rapport (15). 

Fig. 3 shows the relationship between the amount of extract of rat testis 
expressed as nitrogen and log (optical density at zero time) / (optical density 
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at 15 minutes) for nine different concentrations of a preparation which had 
been autolyzed for 4 days. The line was drawn by the method of least 
squares. It will be seen that the deviation of most of the experimental 
points from the line is below 10 per cent. 


Reproducibility of Analytical Technique 
Replicate Analyses on Same Extract of Autolyzed Rat Testis—Testes which 
had been removed from adult hooded rats and stored at —20° were thawed, 
the tunicae albugineae removed, and the pulp ground by hand in an all-glass 
tissue grinder. An aliquot of this homogenate was allowed to autolyze at 
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37° for 4 days, and an extract was made therefrom as previously described. 
Repeated assays were made upon this extract with volume dilutions ranging 
from 1:10 to 1:80 (10 to 80 y of nitrogen). A total of thirty-six analyses 
gave values for log (optical density at zero time)/(optical density at 15 
minutes) between 0.100 and 0.800. These values were multiplied by twice 
the dilution. The mean activity per ml. of extract was 16.8 units with a 
standard deviation about the mean of 1.7 units. 
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Fig. 3. Relation between log (optical density at zero time)/(optical density at 
15 minutes at 37°) and micrograms of nitrogen in extract of rat testis after 15 minutes 
reaction time at 37°. 


Replicate Analyses on Aliquots of Same Homogenate—Eleven aliquots of 
the homogenate mentioned in the preceding paragraph were transferred by 
means of a wide mouthed silicone-coated pipette to weighed test-tubes. 
The autolysis, extraction, and assay were carried out as outlined, and the 
results were corrected for differences in wet weight of the aliquots. The 
results of thirty-three assays on the extracts from the eleven aliquots were 
averaged. The mean activity per ml. of extract was 18.8 units with a 
standard deviation about the mean of 2.2 units. 

Variation between Animals Selected at Random—Six adult albino rats were 
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selected at random and killed by means of a blow on the head. The testes 
were removed, weighed, and frozen in pairs at —20°. For assay the teste 
from each animal were homogenized after the tunicae albugineae had bee, 


TABLE II 
Testicular Hyaluronidase Content of Adult Albino Rats Selected at Random 





Weight Testis weight (pair) | Testis pulp weight Activity per gm. Activity per rat 
gm. an gm. gm. unils unils 
365 2.84 2.63 93 245 
320 2.71 2.46 80 197 
331 3.27 3.00 82 246 
273 2.68 2.50 90 225 
407 3.26 2.93 57 167 
326 2.51 2.33 63 147 

TaBLeE III 


Effect of 16 Mg. Diethylstilbestrol Pellets Subcutaneously Implanted on Testicular 
Hyaluronidase Content of Young Adult Albino Rats 


Mean initial 





weight Final weight —— = Activity per gm. | Activity per rat 
Controls, 50 days observation 
i — : ~< 7 ~~ | os. enite | snils 
289 + 10 291 3.24 3.10 24 74 
285 3.24 3.09 37 | 114 
293 3.23 3.01 24 72 
290 3.34 3.22 18 58 
300 3.14 3.02 13 39 


16 mg. diethylstilbestrol pellets subcutaneously, 50 days observation 


| Pooled pulp Activity per gm.| Mean activity 
| | weight pool per rat 
290 + 12 204 0.55 | 2.58 0.80 | 0.41 
238 0.63 | 
210 | 0.64 
217 | 0.63 | 
216 0.59 





removed and weighed. The pertinent data are presented in Table II in 
which the column ‘Testis pulp weight’ represents the remainder after the 
weight of each pair of tunicae had been subtracted from the weight of the 
corresponding pair of testes. 
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Variation between Animals Selected for Uniformity—Ten young adult al- 
bino rats were selected for uniformity of weight and were divided into two 
equal groups. One group served as controls and was maintained on Ral- 
ston fox chow and water ad libitum for a period of 50 days. These animals 
were then killed; the testes were removed, and a small portion of each was 
fixed in acid Zenker’s solution for histological examination. The remainder 
of the testicular tissue was stored at —20° until assay, the results of which 
are seen in Table III. 

Effect of Diethylstilbestrol on Hyaluronidase Content of Rat Testis—Pellets 
which contained 16 mg. of diethylstilbestrol and 4 mg. of cholesterol* were 
implanted subcutaneously in the interscapular region of the five remaining 
rats mentioned in the preceding paragraph. After maintenance on fox 
chow and water ad libitum for 50 days, the animals were killed, and the 
testes were removed for assay. Data pertinent to this experiment are 
found in Table III. On microscopic examination of the histological sec- 
tions of the testes, marked changes were observed, namely, complete ab- 
sence of spermatozoa and a great reduction in the number of spermatids. 
The other cell types of the germinal epithelium were represented. The 
mean weight of the residual pellets was 10 mg. 


DISCUSSION 


To estimate differences in the enzyme content of a tissue, a technique 
must be employed which will give maximal yield without sacrifice of re- 
producibility. Changes observed with the use of methods which measure 
only a small fraction of the enzyme present might be due to variables such 
as solubility or localization of enzyme rather than to change in the total en- 
zyme content. The stability of hyaluronidase in homogenates of rat testes 
at 37° has permitted reproducible extraction of active material following a 
prolonged autolysis period. The amount of enzyme obtained from auto- 
lyzed tissue is far greater than could be obtained by aqueous extraction of 
fresh or frozen tissue at neutrality or in acid. Preliminary experiments 
with human testes failed to show the increased yield of hyaluronidase after 
autolysis noted with rat testes. 

The marked differences among the testicular hyaluronidase contents ob- 
served in individual rats far exceed the variation due to the assay technique. 
Pituitary gonadotropin inhibition (16) and protein depletion (17) may be 
jointly responsible for the striking reduction in the hyaluronidase content 
of the testes of the estrogen-treated rats. When the germinal epithelium of 
rat testes has been altered by other experimental conditions, a change in 
the hyaluronidase content has been observed (3, 4). 


‘Generously provided by Ciba Pharmaceutical Products, Inc. 
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SUMMARY 


1. A colorimetric method for the determination of the hyaluronidase cop. 
tent of crude extracts of rat testis is described. Activity is expressed jn 
arbitrary units. 

2. A technique for autolysis and extraction of testicular homogenates js 
introduced which results in much higher yield of enzyme than has been ob. 
tained by other reported methods of extraction. 

3. Large differences are noted in the hyaluronidase content of the testes 
of untreated adult rats. 

4. The administration of diethylstilbestrol to adult rats lowers the by. 
aluronidase content of their testes to less than one-hundredth of the amount 
of enzyme present in the testes of the controls. 


The author is indebted to Dr. R. M. Archibald and Dr. H. Jaffe for ad. 
vice and suggestions, and to Mr. Jacob Bronner for technical assistance. 
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THREONINE, AND LYSINE 
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Ina study of minimal requirements for certain lactobacilli, Lewconostoc 
dertranicum 8086 was observed to require either aspartic acid or threonine 
for growth in a particular medium. Since such an observation does not 
allow specific conclusions regarding the relationship of these two amino 
acids, a study of this interrelationship in lactobacilli in which aspartic acid 
biosynthesis can be controlled by biotin deficiency was undertaken and ex- 
tended to include some transformations involving lysine. 


EXPERIMENTAL 
Methods' 


Lactobacillus arabinosus 17-5 and Lactobacillus casei 7469 were main- 
tained by conventional bacteriological practices. Cells for inoculation of 
assay medium were grown for 20 to 24 hours at 30° for L. arabinosus and 
at 37° for L. casei in 10 ml. of an enriched medium, as previously described 
(1). The cells were centrifuged and washed with 10 ml. of sterile saline. 
A dilution of the cells in 10 ml. of sterile saline was prepared by adding 0.1 
ml. of the heavy suspension to 10 ml. of sterile saline. 1 drop of this dilu- 
tion was added to each assay tube. 

The basal medium is described in Table I. When biotin was omitted 
from the medium, a source of oleic acid, Tween 80, 5 mg. per 5 ml., was 
added. Aspartic acid, threonine, and lysine were omitted from the basal 
medium in experiments with L. arabinosus, but only the first two were 
omitted from the basal medium in experiments with L. casezt. The double 
strength basal medium was stored under benzene at room temperature. 
The purine-pyrimidine supplement was prepared by dissolving the com- 
ponents in warm water (5 ml.) to which a few drops of hydrochloric acid 
had been added, and then diluting to the specified volume. Both the pu- 
rine-pyrimidine and vitamin supplements were stored at 4°. The complete 

'The authors are indebted to Dr. Helen Hift for a sample of y-hydroxy-a-keto- 
butyric acid, to Dr. H. K. Mitchell for samples of a-aminoadipie acid and a- 


amino-e-hydroxycaproic acid, and to Dr. L. D. Wright for a sample of a, e-diamino- 
pimelic acid. 
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medium was adjusted to pH 6.8 and added in 2.5 ml. quantities to 30 x 
180 mm. lipless Pyrex tubes containing substances to be tested in 2.5 ml, 
of aqueous solution. The assay medium was autoclaved in capped tubes 


TABLE I 


Composition of Medium 


; Amount of Volume of basic 
Components components in basic | solutions for 100 ml, 
solutions complete medium 


Double strength basal medium 


L-Amino acids* 40 mg. 
pL-Amino acidst so * 
Sodium acetate 12 gm. 
Ammonium chloride 6 
Inorganic Salts A (K2eHPO, 25 gm., KH2PO, | 10 ml. 


25 gm., water to make 250 ml.) 

Inorganic Salts B (MgSO,-7H:0 10 gm., NaCl, _ 
FeSO,:7H.20, and MnSO,-4H20 0.5 gm. each, 
water to make 250 ml.) 


Total volume in water 1000 ‘ 100 ml. 
Purine-pyrimidine supplement 

Adenine sulfate 100 mg. 

Guanine hydrochloride 100 “* 

Uracil 100 ‘“ 

Total volume in water 100 ml. 2 ml. 
Vitamin supplement 

Pyridoxine hydrochloride 50 mg. 

Inositol la 

Nicotinic acid . = 

Riboflavin > 

Thiamine hydrochloride $ * 

p-Aminobenzoic acid 0.150 mg. 

Folinic acid 0.150 ‘ 

Biotin 0.300 “ 

Total volume in 50% alcohol 30 ml. 0.4 ml. 
Glucose 2 gm. 


* Arginine hydrochloride, histidine hydrochloride, proline, glycine. 

t Alanine, aspartic acid, cysteine, glutamic acid, isoleucine, leucine, lysine hy- 
drochloride, methionine, phenylalanine, serine, threonine, tryptophan, tyrosine, 
valine. 


at 15 pounds per sq. in. of pressure for 6 minutes, cooled, inoculated, and 
incubated for the indicated periods of time. The amount of growth was 
then determined turbidimetrically in terms of galvanometer readings s0 
adjusted that distilled water reads 0 and an opaque object 100 in the par- 
ticular instrument. 
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Results 


In the absence of a supplement of biotin, L. arabinosus requires aspartic 
acid for growth. In the medium previously described, supplements of 
either lysine or threonine decrease the amount of aspartic acid required by 
the organism to one-half the requirement necessary for comparable growth 
in the absence of either of these amino acids. A combination of both lysine 
and threonine exerts a greater “‘sparing”’ effect on the aspartic acid require- 
ment for growth than does either amino acid alone. The combined effect 
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Fig. 1. The effects of threonine, lysine, and bicarbonate on the aspartic acid re- 
quirement of biotin-deficient L. arabinosus. Supplements (per 5 ml.): Curve A, 
none; Curve B, pu-threonine, 0.2 mg.; Curve C, pt-lysine, 0.2 mg.; Curve D, sodium 
bicarbonate, 1 mg.; Curve E, pi-threonine, 0.2 mg., and pt-lysine, 0.2 mg.; Curve 
F, sodium bicarbonate, 1 mg., pu-threonine, 0.2 mg., and pt-lysine, 0.2 mg. Incu- 
bation, 29 hours at 30°. 


of the amino acids was almost twice that of each alone. These results are 
indicated in Fig. 1. 

The presence of bicarbonate in the medium also affected the aspartic 
acid requirement, as indicated in Fig. 1. This effect was observed both in 
the presence and in the absence of exogenous lysine and threonine. The 
ability of bicarbonate to enhance the response of the organism to a greater 
extent at low concentrations than at high concentrations of aspartic acid 
and to change the sigmoid type of dose-response curve suggests that bicar- 
bonate may play a réle in preventing the destruction of low concentrations 
of aspartic acid or that it may play a réle in the utilization of low concen- 
trations of aspartic acid. 

In the presence of a supplement of biotin, .. arabinosus does not require 
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aspartic acid for growth, provided supplements of lysine, threonine, and 
bicarbonate are present in the medium. However, in the absence of any 
of these supplements, the organism requires aspartic acid for growth. A 
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Fia. 2. The effects of threonine, lysine, and bicarbonate on the aspartic acid re- 
quirement of L. arabinosus supplemented with biotin. Additional supplements 
(per 5 ml.): Curve A, none; curve B, pi-threonine, 0.2 mg.; Curve C, pt-lysine, 02 
mg.; Curve D, sodium bicarbonate, 1 mg.; Curve E, pu-threonine, 0.2 mg., and p1- 
lysine, 0.2 mg.; Curve F, pu-threonine, 0.2 mg., pL-lysine, 0.2 mg., and sodium bi- 
carbonate, 1 mg. Incubation, 29 hours at 30°. 
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Fia. 3. The effect of threonine and bicarbonate on the aspartic acid requirement 


of biotin-deficient L. casei. Supplements (per 5 ml.): Curve A, none; Curve B, 
sodium bicarbonate, 1 mg.; Curve C, pi-threonine, 0.2 mg.; Curve D, sodium bi- 


carbonate, 1 mg., and pu-threonine, 0.2 mg. Incubation, 40 hours at 37°. 
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indicated in Fig. 2, supplements of either lysine or threonine decrease the 
requirement for aspartic acid for growth to approximately half that re- 
quired for the same response in the absence of either of these amino acids. 
Lysine exerts a slightly greater sparing effect than threonine, and a com- 
bination of both threonine and lysine further decreases the aspartic acid 
requirement for growth to one-tenth that necessary for the same growth 
response in the medium not containing these amino acids. Bicarbonate 
exerts a slightly greater effect than either threonine or lysine alone in de- 
creasing the aspartic acid requirement, and a combination of threonine, 
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Fig. 4. The effects of threonine and bicarbonate on the aspartic acid requirement 
of L. casei supplemented with biotin. Additional supplements (per 5 ml.): Curve 
A, none; Curve B, sodium bicarbonate, 1 mg.; Curve C, pu-threonine, 0.2 mg.; 
Curve D, pu-threonine, 0.2 mg., and sodium bicarbonate, 1 mg. Incubation, 40 
hours at 37°. 





lysine, and bicarbonate allows growth of the organism in the absence of 
supplements of aspartic acid. 

Similar results were also obtained with L. casei, as indicated in Figs. 3 
and 4. Since the organism requires lysine for growth, only the effects of 
threonine and bicarbonate on the aspartic acid requirement could be de- 
termined. When Tween 80 replaces biotin (Fig. 3), threonine decreases 
the aspartic acid requirement to approximately one-third that obtained in 
the medium not containing threonine. With the biotin-deficient cells, bi- 
carbonate has only a slight effect. either in the presence or absence of exog- 
enous threonine. 

In the medium devoid of bicarbonate or threonine, L. casei requires as- 
partic acid for growth even with supplements of biotin in the medium (Fig. 
4). Bicarbonate exerts a moderate aspartic acid-sparing effect, which is 
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somewhat greater than that obtained in the absence of biotin, and threonine 
decreases the requirement for aspartic acid to about one-fifth that necessary 
for growth in the absence of supplements of threonine. As with L. arabino. 




















TaBLeE II 
Effect of Lysine and Threonine on Cysteic Acid Inhibition 
7 caine anleneacmeaied ee 
Galvanometer readings 
7 bial —— 
Supplements* 
. — 
pi-Cysteic acid pt-Aspartic acid a oe ee ; — 
—— a : - |Lysine and 4 
None Lysine | Threonine iceiniain None | Threonine 


| 
| 


| L. arabinosust | L. caseit 











> per 5 ml. | y per 5 ml. es 
0 200 75 80 80 83 | 75 78 
1,000 | 200 39 55 61 |} 53 | % 
2,00 | 200 21 41 41 7 | 2 | 7 
5,000 | 200 9 9 | 15 73 | 2 | «Of 
10,000 200 4 3 7 55 | 1 | 4 
20,000 | 200 . i a 25 | | 9 
50,000 | 200 16 | | 2 
4 500 80 81 | 82 82 | 71 7 
2,000 | 500 54 si 8 
5,000 500 25 65 67 78 | 48 66 
10,000 5020] so 38 39 77 23 | 6 
20 ,000 | 500 x | @ 72 | 16 | 50 
50,000 | 500 | ae ae 39 | 43 
o | 100 | 8 | 82 81 82 | 69 | 7 
5,000 1000 =| 65 78 77 | 
10,000 | 1000 31 | 75 70 | 5 | 8 
20,000 1000 =| 13 52 48 | 78 | 36 | BF 
50,000 1000 | 15 2 | 71 | 2 47 
0 2000 = «80 | | 70 | 
20,000 2000 53 59 | 
50,000 2000 21 48 
0 5000 80 | 71 
20,000 5000 75 | | | 66 
50,000 5000 61 | 61 











* Glutamine, 100 7 added aseptically to autoclaved medium, 0.1 y of biotin, and 
200 y of the pt modification of the indicated amino acid per 5 ml. 

t Incubated 25 hours at 30°. 

t Incubated 40 hours at 37°. 


sus, supplements of both threonine and bicarbonate replace the require- 
ment of the organism for aspartic acid. 
In order to study the interrelationship of aspartic acid with lysine and 
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threonine, the effects of these amino acids on inhibition of the utilization 
of aspartic acid by cysteic acid were determined. In order to prevent in- 
hibition by high concentrations of aspartic acid, glutamine was added to 
the medium. With L. arabinosus the inhibition index is increased from 


TaB.e III 
Replacement of Aspartic Acid Requirement by Threonine and Related Compounds 


Galvanometer readings 
Supplements,* y per 5 ml. ; 7 Siedede a 
pL-Aspartic acid | pL-Threonine | pt-Allothreonine DL-Homoserine 


Test organism, L. arabinosus 17-5 incubated 26 hrs. at 30° 




















0 Ejooi | 

10 8 7 | 

15 20 | 7 

20 | 50 | 20 | 5 

35 | 71 | 55 16 | 

50 72 69 33 

75 | 72 65 | 16 
100 | 70 39 
200 | | | 67 
500 | | 72 
00 | | | 

Test organism, L. casei incubated 40 hrs. at 37° 
a liatetnceerinienemencgerms 

0 2 | 

20 20 

50 58 | 
100 67 33 9 
150 48 18 
200 52 46 
500 52 13 
750 | 23 
1000 | 47 


*Medium supplemented with 200 y of pi-lysine, 1 mg. of sodium bicarbonate, 
and 0.1 y of biotin per 5 ml. 


2- to 4-fold by supplements of either threonine or lysine and is increased 
more than 10-fold by a combination of both amino acids (Table II). With 
L. casei, threonine supplements similarly increase the inhibition index 5- to 
\0-fold (Table II). The inhibition indexes determined with both organisms 
were usually appreciably lower at low concentrations than at higher con- 
centrations of aspartic acid, and tended to be constant over a range of con- 
centrations only at higher concentrations of aspartic acid. 
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The relative activities of allothreonine, homoserine, and threonine in re. 
placing the requirement for aspartic acid for L. arabinosus and L. casei ar 
indicated in Table III. Threonine is approximately twice as effective gs 
allothreonine and from 5 to 10 times as active as homoserine in replacing 
aspartic acid. In separate experiments, the lactone of y-hydroxy-a-keto. 
butyric acid was just as effective as homoserine. 

a,¢-Diaminopimelic acid, a-aminoadipic acid, a-amino-e-hydroxycaproie 
acid, and biocytin do not replace lysine under the above testing conditions 

Asparagine was highly active for L. casei but only slightly active for J, 
arabinosus in replacing aspartic acid. 

Succinic acid, fumaric acid, and malic acid were inactive in replacing as. 
partic acid under the above testing conditions. It is possible that these 
compounds do not readily penetrate to the appropriate site of action. Algo, 
oxalacetate was ineffective in replacing aspartic acid in this medium con. 
taining low concentrations of amino acids. This presumably results from 
the lability of oxalacetate, its inability to penetrate to the site of action 
and the decreased rate of transamination in the presence of low concentra- 
tions of amino acids. 


DISCUSSION 

The effects of lysine and threonine on cysteic acid inhibition of the utiliza. 
tion of aspartic acid and on the quantitative requirements of aspartic acid 
necessary for growth of the test organisms suggest that aspartic acid plays 
a réle in the biosynthesis of these amino acids. Since y-hydroxy-a-keto- 
butyric acid can replace threonine, it appears that aspartic acid plays a 
role in the biosynthesis of the carbon skeleton of threonine rather than a 
role concerning the amino group. These results are in accord with the 
reported similarity of labeled carbons in threonine and in aspartic acid in 
Torulopsis utilis grown on C¥H;-C“OOH (2). These results do not pre- 
clude the conversion of aspartic acid to a 4-carbon acid identical with or 
closely related to the 4-carbon acids of the citric acid cycle and the con- 
version of the 4-carbon compound to threonine. 

Although a,e-diaminopimelic acid and a-aminoadipic acid have been re- 
ported to serve as precursors of lysine in Escherichia coli (3, 4)? and Neuro- 
spora (5, 6), respectively, neither of these compounds replaces lysine in L. 
arabinosus. The involvement of a 4-carbon compound related to the citric 
acid cycle is in accord with the similarity of the labeled carbons of the 3, 
4, 5, and 6 carbons of lysine to the 2, 3, 4, and 5 carbons of a-ketoglutarate 
from 7’. utilis grown in the presence of tracer quantities of methylene and 
carboxyl-labeled acetate or carboxyl-labeled glycine, lactate, or formate 


(7). 


2 Dewey, D., and Work, E., unpublished work, cited by Davis (4). 
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1e in re. The ability of threonine or lysine alone either to reverse the inhibition 
asei are | by cysteic acid or to spare aspartic acid for L. arabinosus suggests an inter- 
ctive gs | relationship between these amino acids. This interrelationship may in- 
placing | volve & role of both amino acids in one biochemical process, a réle of one 
-a-keto. | of the amino acids in addition to the réle of aspartic acid in the biosynthe- 
sis of the other, or a partial reversal of the biosynthesis of these amino acids 
ycaproie | toa common precursor. 
ditions, Both L. casei and L. arabinosus are capable of biosynthesis of adequate 
e for, | amounts of aspartic acid for growth, provided that supplements of biotin 
(8, 9), bicarbonate, lysine, and threonine are added to the media. In the 
cing as. absence of any one of these components, these organisms require aspartic 
ut these | acid for growth under the testing conditions, and in the absence of biotin 
Also, | supplements both aspartic acid and a source of oleic acid are required for 
im con- | growth (10). The involvement of biotin in the carboxylation reaction has 
Its from | been previously established (8, 9), and the ability of oleic acid to replace 
action | biotin under certain conditions is well known (10). 
icentra- The possibility exists that lysine and threonine decrease the aspartic acid 
requirement for growth of the organisms to such an extent that the organ- 
im is then capable of synthesizing adequate amounts of aspartic acid for 
gowth. However, since biotin spares the aspartic acid requirement and 
‘utiliza. | enhances significantly the sparing effect of lysine and particularly threonine 
tic acid | on the aspartic acid requirement, additional interrelationships of these 
id plays | amino acids with biotin appear to be involved. A réle of each of these 
-a-keto- | amino acids in the utilization of biotin would offer an explanation for these 
playsa | results. Aiso, the recent elucidation of the structure of biocytin, a natural 
‘thana | conjugate of biotin, as e-N-biotinyl-L-lysine (11, 12) suggests the possibility 
‘ith the | that lysine may be a constituent of the coenzyme form of biotin. 


acid in The effects of bicarbonate in the absence of biotin may result to some 
1ot pre- § extent from prevention of the destruction of aspartic acid or its derivatives 
with or § by pathways not useful for growth of the organism. On the other hand, 
he con- | the synthesis of biotin occurs to some extent in the presence of oleic acid 
(13) and may be stimulated by bicarbonate so that the small amount of 
een Te- synthesized biotin and the bicarbonate may contribute to some extent to 
Neuro- synthesis of small amounts of aspartic acid. Since bicarbonate does not 
re in L. appreciably affect cysteic acid inhibition, one rdle of bicarbonate appears 
1e citric to be related to its effect. on maintaining the concentration of aspartic acid 
f the 3, ora closely related derivative, particularly at low concentrations of aspartic 
utarate acid. 
ne and 
‘ormate SUMMARY 


The effects of threonine and lysine on the aspartic acid requirements 
and the eysteic acid inhibition of the utilization of aspartic acid in Lacto- 
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bacillus arabinosus and Lactobacillus casei indicate a réle of aspartic acid 
in the biosynthesis of these amino acids. Since neither amino acid com. C 
pletely replaced the other, but both had some activity alone, an interrelg. 
tionship between threonine and lysine also appears to exist. 

Under the testing conditions, both organisms synthesize adequate 
amounts for aspartic acid for growth in the presence of supplements of (Fre 
biotin, threonine, lysine, and bicarbonate. The effect of biotin on the as. 
partic acid requirement and on the ability of lysine and threonine to spare 
aspartic acid suggests an additional réle of each of these amino acids in the 


utilization of biotin. A 
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Although there have been many reports in the literature concerning the 
inhibitory effects of valine, leucine, or isoleucine and the ability of the other 
two amino acids of this group to prevent the inhibitory effects of each of 
these amino acids (1-4), relatively few synthetic inhibitory analogues of 
these amino acids have been reported (5-6). 

In the present investigation, a search for new inhibitory analogues of 
isoleucine, leucine, and valine was initiated by preparing and testing a 
number of amino acid derivatives containing a cycloalkyl group attached 
toglycine and alanine. One of these compounds, cyclopentaneglycine, has 
been found to be an excellent inhibitory analogue of isoleucine in that the 
toxicity of the analogue for Escherichia coli is prevented in a competitive 
manner over a broad range of concentrations at a relatively low inhibition 
index. 

A study of the effects of other metabolites on the toxicity of cyclopentane- 
glycine has revealed that certain metabolites, particularly threonine, allow 
E. coli to synthesize increased concentrations of isoleucine. The keto ana- 
logue of isoleucine, a-keto-8-methylvaleric acid, is very effective in pre- 
venting the toxicity of cyclopentaneglycine, and this activity can be ac- 
counted for only in part by its conversion to isoleucine. 


EXPERIMENTAL 
Methods 


The organism employed in this investigation is a strain of HE. coli pre- 
viously described (7) which is maintained by monthly transfer on 1 per 
cent glucose, 1 per cent yeast extract, and 1.5 per cent agar and stored in 
the refrigerator after 24 to 48 hours of growth. 

The basal medium for various experiments was prepared by autoclaving 
a mixture of NasSO, 1 gm., NH,Cl 1 gm., KAHPO, 0.8 gm., MgSO,-7H.O 


*From a thesis submitted by Winfred M. Harding to the Graduate School, The 
University of Texas, in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, June, 1949. 

t Humble Oil and Refining Company Predoctoral Fellow, 1948-49. Present ad- 
dress, Department of Chemistry, Southwest Texas State College, San Marcos, Texas. 
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80 mg., and Fe(NH,4)2(SO4)2-6H,O 20 mg., per 100 ml. of water and filte. 
ing to obtain a clear solution. This solution was maintained in sterile eqp. 
dition in large quantities. A supplement of glucose, 2 gm. per 100 ml, ¢f 
basal medium, was added just prior to use in various experiments. 

The substances to be tested were added to lipless Pyrex glass tubes (39 
Xx 180 mm.) in aqueous solutions such that the combined volumes did not 
exceed 5 ml. Sufficient water was added to each tube to make a total yol. 
ume of 5 ml., and 5 ml. of the basal medium containing the glucose sup- 
plement were added to each tube. The tubes were covered with aluminum 
caps and autoclaved at 15 pounds per sq. in. for 10 minutes. Some sub- 
stances were autoclaved separately and added aseptically to the autoclayed 
medium with volume allowances for the addition. 

The inoculum was prepared from a culture of the organism maintained 
by serial daily transfers in the salts-glucose medium supplemented with 
1 to 10 mg. of pi-isoleucine. The culture (10 ml.) was centrifuged afte 
12 to 18 hours growth, resuspended in 10 ml. of sterile saline (0.9 per cent 
sodium chloride) after decanting the supernatant solution, centrifuged, and 
again resuspended in another 10 ml. of sterile saline. A drop of a dilution 
of 0.1 ml. of this suspension into 10 ml. of sterile saline was added to each 
tube. The tubes were shaken and incubated as indicated in Tables I to 
IV. After incubation, growth was measured on a thermoelectric turbi- 
dimeter, previously described (8). 

pi-Cyclopentaneglycine—The diethyl ester of cyclopentanemalonic acid 
was prepared from cyclopentyl bromide and diethyl malonate by the 
method of Verwey (9). The product distilled at 100° at 2 to 3 mm. pres- 
sure, as compared with a boiling point of 137—138° at 13 mm. reported by 
Verwey. The ethyl cyclopentanemalonate was brominated, hydrolyzed, 
and decarboxylated by procedures similar to those reported from the prep- 
aration of a-bromo-6-methylvaleric acid from diethyl sec-butyl malonate 
(10). The a-bromocyclopentaneacetic acid prepared in this manner had 
a boiling point of 130-134° at 1 to 2 mm., as compared with 121-123° at 
0.5 mm. reported by von Braun e¢ al. (11). 

A mixture of 75 gm. of a-bromocyclopentaneacetic acid and 310 ml. of 
concentrated ammonium hydroxide was placed in a tightly stoppered bottle 
for 9 days. The ammonia was removed by heating the reaction mixture 
while a current of clean air was passed over it. The solution was then con- 
centrated by distillation under reduced pressure maintained by a water 
pump until considerable crystallization occurred. The crystals were re- 
moved by filtration and washed with a small amount of water, followed by 
a small amount of alcohol. The yield of crude cyclopentaneglycine from 
182 gm. of cyclopentyl bromide was 25 gm., or 14.4 per cent of the theoreti- 
eal yield. 
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The crude amino acid was added to 1500 ml. of hot water to which was 
added just enough sodium hydroxide to dissolve the acid completely. The 
hot solution was treated with 0.4 gm. of charcoal (Darco G-60), filtered, and 
allowed to cool. The solution was neutralized with hydrochloric acid to 
pH 7, diluted with 500 ml. of ethanol, and allowed to stand overnight in 
the refrigerator. The resulting colorless crystals were removed by filtra- 
tion, and the filtrate was concentrated to about 400 ml. and diluted with 
an equal volume of ethanol to obtain, after standing overnight in the re- 
frigerator, another batch of colorless crystals. The crystals were further 
purified by treatment with a small amount of hot water, by cooling and 
filtering the mixture, and by washing the crystals with alcohol. The total 
yield of purified product was 14 gm., which melted at 286-288° with de- 
composition. 


C;H,,O0O2N. Calculated. C 58.72, H 9.15, N 9.78 
Found. ‘* 58.87, “* 9.23, ** 10.05 


Results 


Cyclopentaneglycine at a concentration of 20 to 30 y per 10 ml. prevents 
the growth of F. coli in the inorganic salts-glucose medium. In order to 
determine the nature of the inhibition, the effects of various metabolites 
on the inhibition were determined. Of all of the amino acids known to 
occur in proteins, only isoleucine, leucine, valine, and threonine reverse the 
toxicity of the inhibitor. Serine, glutamic acid, tyrosine, alanine, and cys- 
tine enhance the inhibition slightly. 

The effects of varying concentrations of isoleucine, leucine, valine, and 
threonine on the toxicity of cyclopentaneglycine are indicated in Table I. 
Isoleucine competitively reverses the toxicity of cyclopentaneglycine. The 
ratio of the concentration of inhibitor to isoleucine necessary for essentially 
complete inhibition of growth is about 30 at concentrations of isoleucine 
from 3 to 300 y per 10 ml. At the high concentrations, 300 to 3000 y of 
isoleucine, the inhibition index decreases to approximately 10, and the in- 
hibitor becomes irreversibly toxic at concentrations above 10,000 y per ml. 
At these concentrations, cyclopentaneglycine apparently exerts an addi- 
tional inhibitory effect not involving a competition with isoleucine. 

Although leucine prevents the toxicity of cyclopentaneglycine, it is not 
nearly as effective as isoleucine. As little as 10 y of isoleucine per 10 ml. is 
as effective as 1 mg. of leucine per 10 ml. Leucine becomes relatively less 
efective with increasing concentrations. At low concentrations (30 to 100 
yper 10 ml.) leucine prevents the toxicity of one-tenth the concentration 
of cyelopentaneglycine reversed by the same concentration of isoleucine, 
but at higher concentrations (1000 y per 10 ml.) leucine prevents the tox- 








TaBie [ 
Reversal of Toxicity of Cyclopentaneglycine by Isoleucine, Leucine, Vatine, and 
Threonine 
Test organism, E. coli, incubated 16 to 17 hours at 37-38°. js 
Galvanometer readings* t 
pi-Cyclopentaneglycine Supplements a ‘es ie 
Isoleacinet | Pi-Leucinet | t-Valinet Tha inet icit} 
s |. RE. the 
+ per 10 ml. | ¥ per 10 ml at 
0 0 44 | 87 | 44 36 of t 
3 0 40 | 
10 0 7 | $82 43 35 
30 0 2 2 2 4 | 
0 | 3 6 | i 
30 3 35 | ; 
100 3 9 
300 3 3 
0 10 44 
30 10 43 | | 
100 10 | | DL 
300 10 8 | 
1,000 10 2 
0 30 45 45 44 36 
30 30 44 12 42 34 
100 30 40 1 1 24 
300 30 28 11 
1,000 30 2 | 2 
0 100 44 45 42 37 
30 100 | | 44 | 4 
100 100 | 2 17 36 
300 | 100 44 1 21 
1,000 | 100 | 20 «| 2 
3,000 100 2 
0 300 | 45 45 44 38 
100 300 | 27 38 36 
300 300 ih a. 26 
1,000 300 42 2 5 
3,000 | 300 7 
10,000 300 | 3 
0 1000 45 41 | 42 37 
100 | 1000 | 39 42 
300 } 1000 3 39 35 
1,000 1000 43 2 9 
3,000 1000 32 2 hi 
10,000 | 1000 4 | X 
0 | 3000 | 43 39 42 | 
300 3000 | 25 41 
1,000 3000 2 15 is 
3,000 3000 12 1 h 
10,000 3000 12 h 
30,000 3000 5 : 
404 
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TaBLeE I—Concluded 


* A measure of culture turbidity; distilled water reads 0; an opaque object 100. 
+ Separate experiments. 


icity of only one-thirtieth of the concentration of the inhibitor reversed by 
the same concentration of isoleucine. 

Valine is from 2 to 3 times as effective as leucine in preventing the toxicity 
of the inhibitor, but otherwise is similar to leucine in its effects on the in- 


TABLE II 


Effect of Isoleucine on Ability of Leucine, Valine, and Threonine to Reverse Toxicity 
of Cyclopentaneglycine 
Test organism, FZ. coli, incubated 16 to 17 hours at 37-38°. 


Galvanometer readings 





Supplements per 10 ml. 


pi-Cyclopentane- ee ae eee 














glycine 
| pui-Leucine* pi-Valine* pt-Threonine* 
| | None | 107 | 300y None | 100 y 3007 | None | 5007 
: x per 10 ml. | y per 10 ml. 
0 | oO | 37 | 45 | 45 | 44 | 45 | 43 | 44 | 44 
3 0 | | 40 45 43 
10 0 32 | 44 45 7 44 43 42 44 
30 0 | 2 44 44 2 30 $4 2 44 
100 0 2 | 27 1 | 18 41 
300s 0 | 2 | | 55 42 
1000 0 1 1 
0 30 48 45 | 43 44 44 | 44 4h 45 
100 30 39 44 43 40 43 35 42 45 
300 30 28 21 7 28 | 26 33 26 44 
1000 30 2 4 2 a leo 1 2 25 
3000 30 | 1 
0 100 48 46 45 44 | 45 | 44 43 46 
300 100 45 32 46 44 44 | 38 44 45 
1000 100 19 21 15 20 41 | 38 | 36 42 
3000 100 2 2 3 2 | 1 | 1 1 2 


* Separate experiments. 


hibition. A concentration of isoleucine of 30 y per 10 ml. is approximately 
as effective as 1 mg. of valine per 10 ml. in reversing the inhibition. 

Threonine at a concentration of 30 y per 10 ml. is almost as effective as 
isoleucine in preventing the toxicity of cyclopentaneglycine; however, 
higher concentrations of threonine do not reverse the toxicity of appreciably 
higher concentrations of the inhibitor. Thus, 1 mg. of threonine per 10 
ml. is slightly more effective than a concentration of 30 y per 10 ml. 
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The effect of isoleucine on the ability of leucine, valine, or threonine 
to reverse the toxicity of cyclopentaneglycine is indicated in Table IT.  Thp 
ability of 100 to 300 y of either leucine or valine to exert an effect on the 
amount of cyclopentaneglycine just necessary for inhibition of growth js 
decreased in the presence of isoleucine. In the presence of as little ag 3 
vy per 10 ml. of isoleucine, these concentrations of leucine and valine no 


TaBLe III 
Effect of Isoleucine on Ability of Pantothenic Acid, Thiamine, and a-Ketoglutariy 
Acid to Reverse Toxicity of Cyclopentaneglycine 


Galvanometer readings 


‘vel Supplements per 10 ml 
pi-Cyclopentane- ee ae 


glycine 
Pantothenic acid* Thiamine* a-Ketoglutaric acid* 
None 107 | None 5¥ None 100 y 
¥ per 10 ml. y per 10 ml. 
0 0 45 52 tt 44 41 43 
10 0 41 49 42 44 23 44 
30 0 3 29 2 20 1 46 
100 0 2 4 1 3 
0 10 51 50 44 44 47 44 
100 10 $2 45 41 39 35 42 
300 10 9 13 6 7 3 6 
1000 10 2 2 2 2 
0 30 51 49 44 43 $4 43 
100 30 48 48 42 41 4() 41 
300 30 32 36 26 28 28 31 
1000 30 3 3 2 2 2 2 


* Separate experiments. a-Ketoglutaric acid autoclaved separately and added 
aseptically. Test organisms, F. coli, incubated 24 hours at 37-38° in pantothenic 
acid experiment, 17 hours at 37° in thiamine experiment, and 21 hours at 37-38° in 
a-ketoglutaric acid experiment. 


longer exert any appreciable effect. Threonine, which is considerably more 
effective than leucine or valine in preventing the inhibition, still exerts an 
effect at a concentration of 500 y per 10 ml. in the presence of 30 y of iso- 
leucine per 10 ml., but no longer exerts any appreciable effect in the presence 
of 100 y of isoleucine per 10 ml. 

Of the B vitamins, only pantothenic acid and thiamine have any effect 
in preventing the toxicity of cyclopentaneglycine. Their effects are exerted 
only at the minimal inhibitory concentration of the analogue, as indicated 
in Table ITI, and neither pantothenic acid nor thiamine exerts any effect 
in the presence of even low concentrations (10 to 30 y per 10 ml.) of iso- 
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TaBLeE IV 
Comparative Ability of Isoleucine and Its Keto Analogue to Reverse Toxicity of 
Cyclopentaneglycine 





pi-Cyclopentaneglycine, y per 10 ml. 


Test organism, Z. coli, incubated 16.5 hours at 37°. 


Galvanometer readings 


a-Keto-8-methylvaleric 


acid 


0 y per 10 ml. 








pi-Isoleucine 


0 y per 10 ml. 

















0 44 44 
10 | 42 42 
30 2 2 
1.5 7 per 10 ml. 
0 41 
10 41 
30 36 
100 10 
300 4 
1,000 2 
5 y per 10 ml. | 10 y per 10 ml. 
0 39 45 
30 39 45 
100 23 45 
300 9 43 
1,000 5 5 
3,000 4 2 
10,000 2 
15 y per 10 ml. 30 y per 10 ml. 
0 42 44 
30 41 43 
100 33 | 42 
300 20 26 
1,000 10 2 
3,000 7 | 
10,000 4 
30,000 3 
| 50 y per 10 ml. 100 y per 10 ml. 
0 41 43 
300 38 44 
1,000 27 36 
3,000 22 1 
10,000 17 
30,000 ll 


407 


* Autoclaved separately and added aseptically to the tubes. 
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leucine. a-Ketoglutaric acid exerts a slightly greater effect than eithe 
pantothenic acid or thiamine, but does not exert any effect upon the inhibi. 
tion in the presence of isoleucine (30 y per 10 ml.). 

A comparison of the abilities of isoleucine and its keto analogue, a-keto. 
8-methylvaleric acid, to reverse the toxicity of cyclopentaneglycine ig jp. 
dicated in Table IV. If the racemic modification of isoleucine is assumed 
to be half as active as the L form, the keto acid is less effective than igo. 
leucine at low concentrations of the two metabolites, but at high concentra. 
tions the keto acid is more active than the amino acid in partially prevent. 
ing the toxicities of high concentrations of the inhibitor. However, the 
concentration of cyclopentaneglycine at which slight inhibition is obtained 
is higher with isoleucine than with its keto analogue at all concentrations 
tested. 

In separate experiments, an effect of low concentrations (10 y per 10 
ml.) of a-keto-8-methylvaleric acid in reversing the toxicity of cyclopen- 
taneglycine is still exerted in the presence of isoleucine at concentrations 
of 10 to 30 y per 10 ml. 

Other experiments with other organisms indicate that cyclopentanegly- 
cine has a rather broad spectrum of activity as a competitive inhibitor of 
the utilization of isoleucine. 


DISCUSSION 


The synthesis of cyclopentaneglycine from diethyl cyclopentane malo- 
nate by bromination, hydrolysis, and decarboxylation to form a-bromo- 
cyclopentaneacetic acid and ammonolysis to form the amino acid has re- 
sulted in a compound structurally similar to isoleucine in that a cyclopentyl 
group has replaced a sec-butyl group. The ability of this compound to pre- 
vent in a competitive manner the utilization of isoleucine in EZ. coli and 
a wide variety of organisms gives biological evidence for similarities in the 
size and shape of the two groups, cyclopentyl and sec-butyl. 

A number of substances exert an effect upon the toxicity of cyclopentane- 
glycine in E. coli only in the absence of supplements of isoleucine. These 
substances, threonine, valine, leucine, pantothenic acid, thiamine, and a- 
ketoglutaric acid, could exert such an effect either by allowing the organism 
to synthesize an increased concentration of isoleucine or by aiding the de- 
struction of low concentrations of the inhibitor. Threonine, valine, and 
leucine exert relatively large effects, which cannot be ascribed to enhanced 
destruction of the inhibitor. Since threonine is almost as active as isoleu- 
cine at low concentrations and does not become more effective at higher 
concentrations, it appears likely that threonine enhances the biosynthesis 
of isoleucine by serving as its precursor. Since this work was completed, 
observations on mutant strains of Neurospora (12), E. coli, and other orga- 
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nisms (13, 14) in which either isoleucine or threonine support growth of 
these mutants have been reported. 

The effects of valine and possibly of leucine may also result from these 
substances furnishing some limiting precursor for the biosynthesis of iso- 
leucine. An interrelationship of the amino groups of valine and leucine 
with isoleucine has been previously noted (15), and a common 4-carbon 
precursor in the biosynthesis of valine and isoleucine in EF. coli has been 
suggested in studies concerned with the conversion of labeled acetate to 
these amino acids (16). However, the possibility exists that cyclopentane- 
glycine may prevent only one or relatively few of the functions of isoleu- 
cine, and it may be possible that valine and leucine at high concentration 
may displace the inhibitor from the enzyme and replace isoleucine for the 
particular function. 

Pantothenic acid, thiamine, and a-ketoglutaric acid have slight abilities 
to enhance the biosynthesis of isoleucine. Since the twovitamins are in- 
yolved not only in the biosynthesis of a-ketoglutaric acid but also in its 
conversion to an active 4-carbon fragment which might be associated with 
threonine and isoleucine biosynthesis, the points at which these substances 
might exert their effects are several, including the conversion of the 4-carbon 
intermediate to the 6-carbon skeleton. 

The ability of the keto analogue of isoleucine to prevent the toxicity of 
cyelopentaneglycine in a somewhat competitive manner suggests that one 
réle of the keto analogue is the formation of the amino acid. However, the 
inability of reasonable concentrations of isoleucine to dilute out completely 
the effect of even small concentrations of the keto analogue suggests that 
the keto acid is utilized by at least. one route other than conversion to the 
amino acid to perform an essential function of the amino acid. If cyclo- 
pentaneglycine inhibits not only the utilization but also the biosynthesis 
of isoleucine, it is possible that the inhibitor prevents the conversion of 
isoleucine to the corresponding keto acid, as well as other functions of iso- 
leucine. This also would imply that the keto acid had an essential réle 
other than its réle in isoleucine synthesis. 


SUMMARY 


Cyclopentaneglycine, synthesized by ammonolysis of a-bromocyclopen- 
taneacetic acid which was prepared from diethyl cyclopentanemalonate by 
bromination, hydrolysis, and decarboxylation reactions, inhibits competi- 
tively the utilization of isoleucine in Escherichia coli and a number of other 
organisms. The effect of threonine on the inhibition suggests that it may 
serve as a limiting precursor of isoleucine. Valine and leucine, though less 
effective than valine, exert similar types of effects. Pantothenic acid, thia- 
mine, and e-ketoglutaric acid have very slight ability to enhance the bio- 
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synthesis of isoleucine. The manner in which a-keto-8-methylvaleric acid 
reverses the inhibition of cyclopentaneglycine suggests that not only is the 
keto acid converted into isoleucine, but that in this system it also appears 
to perform an essential function of the inhibited amino acid without prior 
conversion to the amino acid. 
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THE BINDING OF STEROIDS TO PROTEIN 
I. SOLUBILITY DETERMINATIONS* 


By KRISTEN EIK-NES,t JOHN A. SCHELLMAN,{ RUFUS LUMRY,§ 
anp LEO T. SAMUELS 
(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, March 16, 1953) 


A number of studies on the binding of charged molecules to various pro- 
teins have now been reported (1). Such studies have been of considerable 
interest because of the information provided about the reactivity of the 
charged groups of proteins. Though it possesses certain theoretical advan- 
tages, work with uncharged molecules has so far been scattered and incom- 
plete. The absence of net charge on the molecules eliminates the necessity 
for electrostatic corrections and permits a more straightforward interpre- 
tation of the data. In addition such molecules, because of their weaker 
electrostatic interactions, display more clearly the réle played by van der 
Waals’ interactions between the protein and the bound substance. 

The steroids are a particularly suitable class of substances for investiga- 
tions of this nature. Though closely related to one another, they are avail- 
able in pure form with a large variety of structural dissimilarities; methods 
of isolation and analysis have been worked out for most of them; in vitro 
studies of steroid binding can be expected to give insight into the state of 
steroids in tissues and the mechanism of transport through the blood 
stream. 

The work reported here is a comparison of the solubilities of steroids in 
buffered aqueous solution with their solubilities in similarly buffered pro- 
tein solutions. Anthraquinone and p-hydroxybipheny] are included as ref- 
erence substances. This is not a unified study of the solubility of steroids 
but rather an accumulation of data by different investigators over a period 
of years. As a result the experiments were performed under a variety of 


*This work was supported in part by research grants from the National Cancer 
Institute of the National Institutes of Health, United States Public Health Service, 
from the American Cancer Society upon recommendation of the Committee on 
Growth of the National Research Council, and from Armour and Company, Chicago, 
Illinois. 

t Fellow of the American-Scandinavian Foundation. 

t Research Fellow of the National Cancer Institute, United States Public Health 
Service. 

§ Merck Fellow in the Natural Sciences during the early period of this investiga- 
tion. 
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experimental conditions which are indicated in Tables I to 1V and whic 
will be discussed below. Though it is well known that the binding prop- 
erties of a substance can be completely evaluated only by an investigation 
of binding over a large range of concentration of substrate, it will be shown 
in a later section that the ratio of bound to free substrate at saturation pro. 
vides a simple semiquantitative estimate of binding strengths. 


EXPERIMENTAL 

Solubilities were determined by equilibrating the solid steroid with pro. 
tein or buffer solution, filtering off the excess, and analyzing the saturated 
solution in an appropriate manner. 

Equilibration—An excess of steroid was placed in a glass-stoppered tube 
with a few glass beads to insure proper mixing. The tubes were com- 
pletely filled with buffer or protein solution to minimize surface denatura- 
tion of the protein and placed on a rocking or rotating device in a thermo- 
statically controlled water bath for 72 hours, a period found sufficient to 
insure equilibration at all temperatures. Filtrations were carried out at 
the temperature of the water bath when it differed appreciably from room 
temperature. 

Methods of Extraction—Corticosteroids were extracted five times with a 
3:1 mixture of ether-chloroform. Other substances were extracted either 
by equilibration of 1 volume of saturated solution with 10 volumes of 
freshly distilled chloroform or by five extractions with diethyl ether. All 
three procedures effected a quantitative removal of the steroid from the 
aqueous phase. Solvents were removed with a current of air prior to analy- 
sis. 

Method of Analysis—All steroids with the A‘-3-one configuration were 
determined by their absorption in the ultraviolet in absolute ethanol with 
either a Beckman or a Cary spectrophotometer. Maximal absorption of 
testosterone was at 2400 A, while that of cortisone was at 2365 A. Aque- 
ous solutions were originally extracted with ether or chloroform, the ex- 
tract was taken to dryness, and the residue dissolved in absolute ethanol. 
The samples were then read against blanks carried through the entire pro- 
cedure with the aqueous solvent substituted for the steroid solution. In 
later work, solubilities in buffer solution were determined without extrac- 
tion by reading the aqueous solutions directly against a buffer blank. 17- 
Ketosteroids which did not absorb in the ultraviolet were determined by 
the Callow modification of the Zimmermann reaction (2). Cholesterol was 
determined by a modification of the Liebermann-Burchard reaction (3). 
Estradiol, when sufficiently concentrated, anthraquinone, and p-hydroxy- 
biphenyl were determined by their ultraviolet spectra. Very small quan- 
tities of estradiol were detected by the color method of Venning et al. (4). 
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The precision of these analytical methods varies somewhat but probable 
error is of the order of 5 per cent for most of the determinations. 

Temperature—Temperature was controlled in all experiments to within 
half a degree. Since the solubility of steroids varies with temperature, a 
quantitative comparison cannot be made between values in Table I re- 
ported for different temperatures. The effect of temperature on both the 
aqueous solubility and binding is, however, not sufficiently large to alter 
the conclusions reached here.! 

pH and Buffers—All the experiments except those specifically indicated 
in Table I were performed at a pH of 7.3 + 0.1 in either Locke’s physi- 
ological buffer,’ » = 0.196, or in M/15 phosphate buffer, » = 0.174. Sep- 
arate investigation has shown that ionic strength affects the activity co- 
eficients of steroids' but, in practice, solubilities determined in the two 
buffers did not differ significantly from one another in all the cases which 
were checked. 

To simplify Table I, only solubilities in 5 per cent albumin are reported. 
As indicated, these have been obtained from experiments at other protein 
concentrations with the assumption that the solubility is a linear function 
of protein concentration.! 

Materials—The steroids used in this investigation® were checked for melt- 
ing points, extinction coefficients, and wave-lengths of maximal absorption. 
These corresponded to the published data and the compounds were used 
without further purification. 

Two lots of bovine serum albumin‘ were used: (1) Lot G-10106, 93.1 per 
cent albumin, 6.9 per cent 8-globulin, 0.97 per cent ash; moisture 4.63 per 
cent; (2) Lot R-212112, 97 per cent albumin, 3 per cent y-globulin, 0.32 
per cent ash; moisture 4.63 per cent. 

Comparison of the lots could be made in only two cases. It was found 
that solubilities in the second lot were about 5 per cent higher than in the 
first. 

The beef hemoglobin was freshly prepared and crystallized three times. 

The polyvinylpyrrolidine,® the 5 per cent plasma hydrolysate solution,® 


'Schellman, J. A., Lumry, R., and Samuels, L. T., data to be reported in a subse- 
quent publication. 

*The physiological buffer contained KCl 0.0056 m, MgCl, 0.0021 m, NaCl 0.08 m, 
Na,HPO,-NaH;PO, buffer (pH 7.4) 0.04 m. 

+The steroids were kindly furnished by the Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey, and by Merck and Company, New Brunswick, New Jersey. 

‘The bovine serum albumin was generously supplied by Armour and Company 
through the courtesy of Dr. Edwin E. Hays. 

‘We wish to thank Dr. Crichton McNeil for this material. 

‘These were supplied through the courtesy of Baxter Laboratories, Inc., Morton 
Grove, Illinois. 
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commercial name Travamin, and the 5 per cent oxypolygelatin solution! 
were all preparations intended for intravenous injection in humans, 

The rat tail collagen was a highly purified material prepared by Dr, R 
kK. Neuman. 


TaBLeE [ 
Binding of Steroids and Other Substances to Serum Albumin 


: +): Ray poem 
7 Solubility po 
Substance re ‘buffer oe r r/{S] X 19-4 

oe ; pt oer l. ‘ ae per l. , a 
OR sc Paks a nate aens ale | 600* 1400*: f | 0.18 
Androstanedione.. . oe Pern 220t 3200* 4.11 1.9 
Androstenedione.......... Sicebece hol) ae 2500* 3.17 1.6 
Desoxycorticosterone io Pa tebia’ | 180* 1030* > ¢ A.87 0.65 
Destesterone.............. smeeeall ae 2150*: 2.80 2.3 
Methyltestosterone...... park i aes | 120* | 1750* 2.26 1.9 
Dehydroisoandrosterone...............| 100* 2850* 3.80 3.8 
Etiocholanolone. . . agent ee en 900: § 1.14 1.6 
Androsterone...... a ae Ee Re oy 43* | 1350f- § 1.85 4.3 
Estradiol...... See ae ee | 0.6t 310t 0.43 72.0 
A‘-Androstene-3-one..................-. | 52 490t 0.68 >68.0 
Androstane-17-one ene | <0.2t 140* 0.193  >97.0 
Cholesterol. ..... OE Re | <lf <1t 
Anthraquinone. . , Peale ate 6.5t 47t 0.066 1.0 
p-Hydroxybiphenyl.................... 330t 5900T 7.67 2.3 

"Fr 

T Exper ite performed with 1 per cent protein; converted to 5 per cent protein. 

oe 

+ 

§ Aide nts performed with 2 per cent protein; converted to 5 per cent protein. 


RESULTS AND DISCUSSION 


Interpretation of Binding Data—More detailed investigations of testo- 
sterone binding to bovine serum albumin! show a relationship between the 
amounts bound and concentration of free substrate indicative of multiple 
binding with no interaction among sites. In an approximate form, the 
equation relating free substrate [S], total protein [P], and bound substrate 
[S]. is 


‘ ao 


[Sh +r n_ nK{S] 
in which n is a function of the number of binding sites per protein mole- 
cule,’ K is the intrinsic association constant for the sites, and r is the aver- 


7 Only in rare instances can n be equal to the number of binding sites. An in- 
terpretation of the meaning of this quantity will be given in a subsequent publica- 
tion. 
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age number of substrate molecules bound per molecule of protein. Equa- 
tion 1 may be rearranged, giving 


(2) as = K(n — r) 
The value of » for testosterone’ is found to be approximately 10. If this 
yalue, Which is compatible with a similar quantity calculated for charged 
dye molecules, is assumed for all substances, r/[S] is seen to be a rough 
measure of K sufficient for present purposes. 

Binding to Bovine Serum Albumin—A comparison of the values of [S] and 
r/{S] for the binding of the substrates in Table I shows that the substrates 
may be divided into three groups hereafter known as Classes A, B, and C. 
Class A has high water solubility with poor binding ability (cortisone and 
desoxycorticosterone) ;* Class B, poor to fair solubility with moderate bind- 
ing ability (A‘-androstene-3 ,17-dione, androstan-3 ,17-dione, testosterone, 
iTa-methyltestosterone, androsterone, dehydroisoandrosterone, etiocholan- 
$v-ol-17-one, anthraquinone, and p-hydroxybipheny]); Class C, very poor 
water solubility with strong binding ability (androstane-17-one, A‘-andro- 
stene-3-one, estradiol). 

Cholesterol appears to be an anomaly. Its solubility is too low to be 
measurable by present techniques, but more sensitive experiments may yet 
show r/[S] to fall in one of the above categories. 

Variations in water solubility are in general accord with the principle 
that solubility in water increases with the number of polar groups. Ex- 
ceptions such as estradiol can be readily ascribed to a particularly high 
lattice energy. The surprising feature is the reciprocal relation between 
solubility and affinity for the protein. This behavior is probably artifac- 
tual and the result of an improper choice of standard state. It is doubtful 
that the choice of molar concentration of steroid as standard state is the 
most appropriate for the present purposes. Comparisons among steroids 
on this basis include variations in solubility in water as well as in binding. 

The best standard state for direct comparison of affinity for the protein 
would be unit pressure in the gas phase. Since the vapor pressures of ster- 
dids are not available, the next best choice is unit activity in solution. For 
comparison this choice is equivalent to the assumption of equal lattice-free 
energies for the crystalline steroids. For the present purposes at the low 
concentrations involved we may employ concentration activities. Since 
the concentrations in the first column of Table I are those of unit activity, 
the activity coefficients are the reciprocals of the values given in this col- 
umn. In Table II appear the approximate standard free energies of bind- 
ing calculated on the assumption that dr/dS = n(K), i.e. from the last 


‘Dr. B. H. Levedahl has informed us that the highly soluble Girard’s reagent 
complex of testosterone also falls into this group. 








416 BINDING OF STEROIDS TO PROTEIN 


column of Table I. AF’®; values are based on unit activity and AF’. values 
on unit concentration. These values apply to the reactions, steroid (solid) 
+ protein (solvated) = steroid-protein (solvated) AF°;; steroid (solvated) 
+ protein (solvated) = steroid-protein (solvated) AF°s. 

Comparisons of AF; values demonstrate that the relative affinities based 
on the crystalline state are in inverse ratio to those based on the solvated 
state, so that the greater the non-polar proportion of a molecule the les 
effectively does it interact with the protein. This behavior is in contrast 
to what Johnson, Eyring, and Polissar (5) have called ‘“Ferguson’s rule.” 
“For homologous substances, roughly the same inhibition occurs at the 


TaBLeE II 


Approximate Free Energies of Binding Relative to Crystal State (AF°;) and State 
in Solution (AF °>s) 











Steroid Temperature a | meee 
"es 

Cortisone..... peut 37 —0.1 —4.7 
Androstanedione. .. 25 —0.9 —5.9 
Androstenedione....... Zia : 25 —0.7 —5.8 
Desoxycorticosterone..... hacker 37 —1.0 —5.8 
Testosterone............. 37 —0.7 —6.2 
Methyltestosterone..... ose 37 —0.5 —6.1 
Dehydroisoandrosterone...........' 37 —0.8 —6.5 
Etiocholanolone.......... 25 —0.1 —5.8 
Androsterene:. ...)......... 37 —0.4 —6.6 
ee 7 eee 25 +0.5 <(-8.0) 
A‘-Androstene-3-one....... 25 +0.2 < (—8.0) 
Androstane-17-one...... ; 25 +1.1 < (-8.2) 





same thermodynamic activity,’”’ and suggests (a) that all polypolar steroids 
are bound about equally well and (b) that they are bound better than mono- 
polar steroids (androstene-3-one and androstane-17-one). Estradiol does 
not conform to this interpretation perhaps because the phenolic hydroxyl 
or the aromatic ring enhances crystal stability. 

Ferguson’s rule applies to the narcotic action of predominantly hydro- 
carbon drugs which are supposed to interact with proteins via van der 
Waals’ forces. The importance of van der Waals’ interactions in protein 
binding has already been demonstrated by Klotz in the related problems 
of the binding of organic dyes and alkyl! sulfates (1), and it is indicated 
in the binding of steroids by bovine serum albumin. However, polar 
interactions, hydrogen bonds, and ion dipole interactions appear to be 
somewhat more important for the latter substances. The participation 
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of the protein charges in the binding process has been confirmed by the 
observation that thiocyanate and methyl orange compete with testosterone 
for sites on the albumin molecule.!. The data are inadequate, especially 
in the absence of vapor pressure information, to allow further distinction 
between the relative importance of the types of binding involved. 

Binding by Other Proteins and Related Substances—The plasma substi- 
tutes, oxypolygelatin, polyvinylpyrrolidine, plasma hydrolysate, and modi- 
fied beef globin were investigated with the purpose of examining their pos- 
sibilities as media for the administration of insoluble steroids. Table III 


TaBLeE III 


Binding of Testosterone to Proteins and Plasma Substitutes 


Testosterone 








Temperature concentration 
°C, a uM per '- 
Oxypolygelatin inte Sco eral 25 215 
Pelswinyipyrrolidine, 10%... ..........5 0.6 .sencccssie: 34 155 
Protein hydrolysate (Travamin 5%) . ee ' 34 120 
Modified human globin . ; a 25 405 
Beef hemoglobin fh coe 25 | 120 
TaBLe IV 
Binding of Steroids to Rat Tail Collagen 
Steroid Free steroid | Bound steroid 
: ad pat pert. | pas por gm. collagen 
Testosterone....... i ate eRe ORS aelatis cc icha | 82 | 1.7 
Cortisone....... Sica SE a x ateoer ripe pean 53 | 0.85 


eS, Geet foe ae Re Pe 124 2.1 





shows that only modified globin manifested significant binding of testos- 
terone. 

Beef hemoglobin does not bind testosterone. The indication is that the 
binding power of modified globin results from its treatment during prepa- 
ration. 

Table IV shows the affinity of three steroids for rat tail collagen. These 
values do not represent saturated solutions of the steroids. Since collagen 
isan insoluble protein, micromoles bound per gm. of protein were used as 
ameasure of binding capacity rather than the conventional r. 

Significance for Transport in Organism-——The binding of steroids with 
serum albumin offers a rational means of transport for the non-benzenoid 
steroid hormones. ‘Testosterone has been isolated from spermatic vein 
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blood by simple extraction with organic solvents (6). Progesterone has 
been prepared from ovarian vein blood by the same means (7), and hydro. 
cortisone and corticosterone can be completely extracted from adrenal 
blood with chloroform (8). Thus all of these very active compounds, 
which are apparently the true hormones, enter the general circulation either 
free or only loosely bound to other molecules. Yet they appear in the urine 
in only minute traces even when produced in large quantities or adminis. 
tered over long periods in large doses. Degradation products of these com. 
pounds, however, which are firmly united to such hydrophilic groups ag 
sulfuric or glucuronic acid, are not readily extracted from the blood by 
organic solvents and appear in relatively large quantities in the urine, 
Bischoff and Pilhorn (9) have shown that approximately 70 per cent of 
the solubility of testosterone and 85 per cent of the solubility of proges. 
terone in serum could be explained by the influence of albumin. The 
globulins had only a slight effect on testosterone solubility and no measur- 
able effect on that of progesterone. The work of West et al. (10) indicates 
that the ability of testosterone to bind with serum albumin offers a reason- 
able explanation of the limited clearance of this compound in the kidney, 
while the low binding capacity of the highly polar and hydrophilic glu. 
curonides of the steroids explains their rapid filtration into the urine. The 
clearance of conjugated steroids from the blood by the kidney was found 
to be the same as that of creatinine, while the clearance of free testosterone 
valculated from their data was less than one-tenth as much. The latter 
value is in the range to be expected on the basis of filtration of free testos- 
terone, if the total blood testosterone represents the sum of free testosterone 
and that which would be held by normal concentrations of serum albumin. 
Thus the ability to bind with serum albumin explains the limited clearance 
of steroid hormones like testosterone and progesterone, while the low bind- 
ing capacity of the highly polar hydrophilic glucuronides of steroids like 
androsterone and pregnanediol explains their rapid filtration into the urine. 


SUMMARY 


The solubilities of a number of steroids in aqueous buffer solution and in 
bovine serum albumin solution have been measured. The results indicate 
that reversible combination occurs between this protein and all the steroids 
studied except cholesterol. The strength of binding is found to bear an 
inverse relationship to the number of polar groups. A mechanism of in- 
teraction with the protein is suggested which accounts for this inverse re- 
lationship. 

The solubilities of testosterone in several plasma substitutes and in beef 
hemoglobin are reported. Only a modified beef globin showed an appreci- 
able affinity for testosterone. 
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1€ has Testosterone, Compound F, and cortisone are found to be fairly strongly 
ry dro- adsorbed by a suspension of rat tail collagen. 
drenal The binding of the steroid hormones with serum albumin explains their 
ounds, low concentration in the urine, while the poor binding and high aqueous 
either solubility of the conjugates which the metabolic products form with glu- 
2 urine curonic and sulfuric acid explain their rapid excretion. 
Minis- 
e com- The authors wish to thank Miss M. L. Helmreich and Mrs. M. B. Lasater 
UDS as for valuable technical assistance. 
od. by 
" BIBLIOGRAPHY 
ent of 1, Klotz, I. M., Cold Spring Harbor Symposia Quant. Biol., 14, 97 (1949). 
roges- 9. Callow, N. H., Callow, R. K., and Emmens, C. W., Biochem. J., 32, 1312 (1938) 
Th 3, Sperry, W., and Webb, M., J. Biol. Chem., 187, 97 (1950). 
4 4. Venning, E. H., Evelyn, K. A., Harkness, E. V., and Browne, J.S. L., J. Biol. 


1easur- Chem., 120, 225 (1937). 
dicates _ Johnson, F. H., Eyring, H., and Polissar, M., The kinetic basis of molecular 
‘eason- biology, chapter 10, in press. 


cor 


idney 6. West, C. D., Tyler, F. H., Brown, H., and Samuels, L. T., J. Clin. Endocrinol., 
ae 11, 897 (1951). 
" glu- 7. Edgar, D. G., Nature, 170, 543 (1952). 
The 8. Reich, H., Nelson, D. H., and Zaffaroni, A., J. Biol. Chem., 187, 411 (1950). 
found 9, Bischoff, F., and Pilhorn, H. R., J. Biol. Chem., 174, 663 (1948). 
sterone 10. West, C. D., Tyler, F. H., and Brown, H., J. Clin. Endocrinol., 11, 833 (1951). 
latter 
testos- 
sterone 
bumin. 
arance 
v bind- 
ds like 


> urine, 


and in 
ndicate 
steroids 
year an 
1 of in- 
erse re- 


in beef 
\ppreci- 














XUM 
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In earlier papers of this series (1-4), evidence has been presented for the 
fact that valine, methionine, threonine, isoleucine, leucine, and phenylal- 
anine are indispensable components of the diet of normal adult man. The 
removal from the food of any one of these amino acids induces a pronounced 
negative balance and is accompanied by a failure in appetite, a sensation 
of extreme fatigue, and an increase in nervous irritability. With the re- 
turn to the diet of the missing amino acid, nitrogen equilibrium is reestab- 
lished promptly, and the subjective symptoms disappear. In contrast to 
these dramatic effects, the exclusion of any one or all of the ten amino acids 
previously found to be dispensable for the growing rat (5) exerts no demon- 
strable effect upon nitrogen balance, nor does their absence induce the 
psychological manifestations characteristic of amino acid deficiencies in 
man (cf. (1)). Histidine deprivation also is associated with no observable 
metabolic effects or subjective symptoms (2, 3); consequently, in the nor- 
mal adult male of the human species this amino acid must be regarded as 
a non-essential dietary component. 

Three amino acids remain to be classified with respect to their réle as 
constituents of the food. These are lysine, arginine, and tryptophan. The 
present paper demonstrates that lysine and tryptophan are indispensable, 
and that arginine, like histidine, is non-essential for the purpose in ques- 
tion. 


EXPERIMENTAL 


Detailed information concerning the general procedures employed in the 
conduct of the experiments, the methods used in analyzing the foods and 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate College 
Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted by Wil- 
liam J. Haines in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Biochemistry in the Graduate College of the University of Illinois. 
Present address, Endocrinology Research, The Upjohn Company, Kalamazoo, 
Michigan. 


Present address, Endocrinology Research, The Upjohn Company, Kalamazoo, 


Michigan. 
421 





422 AMINO ACID REQUIREMENTS OF MAN. V 


excreta, and the techniques involved in the preparation of the diets wil] he 
found in the first paper of this series (1). In all experiments the diets wer 
composed of mixtures of highly purified amino acids; wafers made of starch, 
sucrose, purified butter fat (1), corn oil, inorganic salts, and baking powder 
and additional calories in the form of sucrose, butter fat, or both, as re. 
quired by the subjects. The amino acids were ingested in aqueous goly. 
tion flavored with filtered lemon juice. Frequently, the solutions wer 
sweetened to taste by the addition of known amounts of sucrose. Extry 
butter fat was used as a spread for the wafers. One-third of the daily gl. 
lotment of amino acids, wafers, and extra sucrose and butter fat was cop. 
sumed at each meal. Suitable quantities of vitamins were supplied in the 
form of cod liver oil, and pills composed of crystalline compounds supple. 
mented with a butyl alcohol extract of Wilson’s liver powder 1:20 (ef. (1)), 
The subjects were healthy male graduate students, most of whom were 
majoring in biochemistry and consequently were interested in the outcome 
of the experiments. 

The composition and daily intake of the “complete” amino acid mixture 
(Mixture B) will be found in the preceding paper of this series (4). The 
mixture was identical with that used in demonstrating the indispensable 
nature of leucine and phenylalanine (4). It contained four racemic amino 
acids, namely valine, isoleucine, methionine, and threonine. With the ex- 
ception of methionine, the amount of each of these was doubled over the 
desired level in order to allow for the possibility that the p isomer might 
not be utilized by man. No such allowance was made in the case of pi- 
methionine. The two optical isomers of this amino acid are equally effee- 
tive in the rat (6). Tentatively, it was assumed that a like situation might 
exist in man. Of the 6.57 gm. of nitrogen present in the daily intake of 
Mixture B, 1.31 gm. were derived from the p-valine, p-isoleucine, and D- 
threonine. It is to be noted also that the mixture was devoid of histidine, 
since this amino acid is not an essential component of the food for the main- 
tenance of nitrogen equilibrium in adult man (cf. (2, 3)). 

A large proportion of the caloric intake of each subject was supplied in 
the form of Wafers II. The composition and daily intake of these wafers 
have been described previously (2,3). The daily allotment furnished 2147 
calories and 0.30 gm. of unidentified nitrogen. The latter was derived al- 
most entirely from the starch and consequently could not be lowered. The 
daily intakes of inorganic salts and vitamins were kept constant through- 
out the entire series of investigations (cf. (1), Tables I to III). In the 
present experiments, Cellu flour, in appropriate amounts (ef. (1), pp. 545- 
546), was consumed by the subjects as a water suspension rather than asa 
component of the wafers. 

Two subjects were used in establishing the nutritive réle of lysine. Sub- 
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ject C. S. was 22 years of age and had an initial body weight of 70.0 kilos. 
His daily diet consisted of amino acid Mixture B, Wafers II, 190 gm. of 
sucrose, and 80 gm. of butter fat. The calculated total energy value of his 
food was 3846 calories daily. Subject W. P. N. also was 22 years of age, 
and had an initial body weight of 72.8 kilos. His diet was identical with 
that of C. S., except that it contained 85 gm. of additional sucrose and 16 
gm. of additional butter fat. It furnished a calculated total energy intake 
of 4134 calories daily. In each subject, the daily nitrogen intake from all 


ROLE OF LYSINE 
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- 
Fig. 1. The réle of lysine in the maintenance of nitrogen equilibrium in man. 
The basal diet was devoid of histidine throughout. 


sources was 7.00 gm., of which 0.43 gm. was of an unknown nature and was 
derived largely from the starch (0.30 gm.) and in lesser amounts from the 
butter fat, liver concentrate used as a supplementary source of vitamins, 
and lemon juice. 

The nitrogen balance data obtained in the two experiments are summa- 
raed graphically in Fig. 1. As will be observed, both subjects during the 
foreperiods were in distinct positive balance. The average daily retention 
of nitrogen by C. 8. and W. P. N. was 0.48 and 0.59 gm. respectively. 
After 5 days, lysine was removed from the food of each subject and the other 
amino acids were increased sufficiently to provide a constant intake of total 
nitrogen. On the next day the subjects showed moderate negative bal- 
ances, which increased in intensity until the maximal daily nitrogen losses 
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amounted to 1.72 and 1.87 gm. respectively. Both young men complained 
of the usual symptoms of amino acid deficiency, namely pronounced logs of 
appetite, fatigue, and nervousness. With the return of lysine to the food, 
the output of urinary nitrogen diminished promptly and the subjective 
symptoms disappeared. In each test, a positive balance was reestablished 
on the 2nd day and continued to the end of the experiment. 

Reference has been made repeatedly (1, 4, 7) to the unexpected fluctua. 
tions in nitrogen retention observed so generally in balance experiments, 
As indicated previously (4), this appears to be one of the inherent limita- 
tions of the nitrogen balance technique. In the present investigation, mod- 
erate variations occurred from day to day throughout the foreperiod and 
the after period of both experiments, but became particularly conspicuous 
during the after period of the experiment upon W. P. N. One would have 
anticipated that the strong initial retention, which doubtless was a reflec. 
tion of the organism’s endeavor to compensate in part for the preceding 
nitrogen loss, would have continued longer or would have been followed 
by a more regular return to approximate nitrogen equilibrium. Indeed, 
the latter behavior is precisely the type observed in Subject C.S. No sug. 
gestion can be offered to account for the increased retention manifested by 
W. P. N. on the penultimate day of the experiment, but, despite the dis- 
concerting nature of such currently inexplicable variations, the data pre- 
sented in Fig. 1 leave no reasonable grounds for doubting that lysine is an 
indispensable component of the food of adult man. 

In Table I is shown the distribution of nitrogen between the urine and 
feces of C.S. Entirely comparable data were obtained in the experiment 
upon W. P. N. and are omitted merely to conserve space. The values re- 
corded in Table I are quite similar to those reported in previous papers in- 
volving other types of amino acid deficiencies and require no special dis- 
- cussion. Analyses of blood samples taken at the end of each period showed 
that the total plasma proteins and hemoglobin remained within normal 
limits. The whole blood non-protein nitrogen increased from a normal 
value of 25 mg. per cent during the foreperiod to a level of 67 mg. per cent 
during the lysine deficiency. Probably this is attributable to the accele- 
rated catabolism which occurred during the dietary inadequacy. A simi- 
lar behavior has been reported previously, particularly during deficiencies 
involving valine (1) and threonine (2). Following the return of lysine to 
the food (Table I), the non-protein nitrogen diminished but failed to reach 
the normal level in the time available. Erythrocyte and leucocyte counts, 
though not included in the tabular data, remained perfectly normal 
throughout. 

In testing the dietary réle of arginine, three subjects were first used. In 
each, the initial diet was identical in composition with that used in the ly- 
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sine experiments, except for minor adjustments in the amounts of extra 
sucrose and butter fat made necessary by variations in the caloric needs 
of the individuals. Amino acid Mixture B (cf. (4), Table I) furnished the 
nitrogenous portion of each ration. After suitable foreperiods, arginine was 
excluded from the food, and the other amino acids were increased suffi- 
ciently to maintain the total nitrogen intake at 7.00 gm. per day. The 


TABLE I 
Réle of Lysine in Nitrogen Balance 
Subject Cc. S., daily nitrogen intake 7.00 gm. 








| N output | Blood 
Day No. | Body | N balance | Diet 

S| HOS) Urine | Feces | — | rams | ope 

kg. gm. | gm. | gm. ms. per am. per ed 
1 | 70.0 | 5.75 | 0.80 | +0.45 Complete; 9 amino 
2 | 70.0 | 5.50 | 0.80 | +0.70 | | acids* 
3 | 70.9 | 5.97 | 0.80 | +0.23 | | 
4 70.9 | 5.64 | 0.80 | +0.56 | | 
§ | 70.9 | 5.73 0.80 | +0.47 25 7.8 | 15.9 | 
6 | 70.9 | 5.94 | 1.25 | —0.19 | No lysine; 8 amino 
7 | 70.9 | 6.86 | 1.25 | —1.11 | | | acids 
8 | 70.9 | 7.47 | 1.25 | —1.72 | 
9 | 70.9 | 7.34 | 1.25 | —1.59 67 | 8.1 15.4 
10 | 70.9 | 6.57 | 0.79 | —0.36 | Complete; 9 amino 
ll | 70.4 5.30 | 0.79 | +0.91 acids 
12 70.4 | 5.36 | 0.79 | +0.85 | | 
13 | 70.4 | 5.87 | 0.79 | +0.34 | 
14 70.4 | 5.73 0.79 | +0.48 
15 70.4 | 5.94 0.79 | +0.27 
16 70.9 6.06 


0.79 +0.15 48 7.8 15.4 


* Throughout this experiment the food was devoid of histidine. 


periods of arginine deprivation were for 6, 10, and 10 days respectively, 
after which each subject was returned to his original diet containing argi- 
nine. 

In no case was any correlation observed between the state of the nitrogen 
balance and the presence or absence of arginine. One subject remained in 
strong positive balance throughout the entire experiment. The other two 
showed balances which fluctuated around the zero point, sometimes being 
slightly positive and sometimes slightly negative, but the retention of ni- 
trogen was never decreased by the absence of arginine nor increased by the 
presence of this amino acid. The averages of the daily balances for the 





426 AMINO ACID REQUIREMENTS OF MAN. V 


arginine-free periods in the two subjects were +0.08 and —0.01 gm. re. 
spectively. Obviously, both values are as close to perfect equilibrium as 
one could hope to obtain. The results of the three tests are not presented 
in detail since an additional experiment, which will be described below, 
served to confirm the findings. é 

The above observations convinced us that arginine is not necessary for 
the maintenance of nitrogen equilibrium in adult man; therefore, in all sub- 
sequent investigations, this amino acid was omitted from the food. Later 
experience has fully justified this practice. In the meantime, attention 
was directed to the dietary significance of tryptophan. Two experiments 
involving the latter amino acid had been undertaken before the status of 
arginine had been fully established. For this reason, the diets in these 
tests furnished arginine in the customary proportions (cf. (4), Table J), 
In each case, the removal of tryptophan was followed promptly by a strong 
negative nitrogen balance, which was alleviated by the return of the missing 
amino acid to the food. The results left no doubt as to the importance of 
tryptophan, but, as a final test of the functions of both arginine and trypto- 
phan, the following crucial experiment was conducted. 

The subject of this test, A. B., was 24 years of age and had an initial 
body weight of 74.1 kilos. Several months earlier he had served as one of 
the subjects of the isoleucine experiments (3), at which time his initial body 
weight was 71.8 kilos. The amino acid mixture used during the foreperiod 
and the after period of the present experiment was patterned after Mixture 
B (ef. (4), Table I), except that it was devoid of arginine and consequently 
contained proportionately larger amounts of the other eight amino acids. 
The daily allotment furnished, as usual, 6.57 gm. of nitrogen, and the total 
diet contained 7.00 gm. of nitrogen. The extra calories, over and above 
those present in the amino acid mixture and Wafers II, were acquired by 
‘ the daily consumption of 190 gm. of sucrose and 110 gm. of butter fat. 

The results are presented graphically in Fig. 2. As will be observed, the 
subject came into exact nitrogen equilibrium and continued to be approxi- 
mately so maintained, with remarkably little fluctuation, throughout the 
6 days of the foreperiod. Furthermore, this was accomplished despite the 
absence of arginine from the food. With the exclusion of tryptophan, a 
negative nitrogen balance ensued immediately and increased in intensity 
until the output on the 3rd day exceeded the intake by 2.34 gm. With the 
restoration of tryptophan to the ration, positive balance was noted on the 
2nd day and continued to the end of the test. Emphasis should again be 
placed on the fact that this occurred without the presence of arginine in 
the food. During the days of tryptophan deficiency, the subject suffered 
the usual subjective symptoms of loss of appetite, fatigue, etc., described 
so frequently in this series of papers. On the other hand, no symptoms of 
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any sort were experienced during the foreperiod and the after period. The 
results confirm the conclusion previously stated regarding the non-essential 


NBAL. ROLE OF ARGININE AND TRYPTOPHAN 
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Fic. 2. The réle of arginine and tryptophan in the maintenance of nitrogen 
equilibrium inman. The basal diet was devoid of histidine and arginine throughout. 
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TaBLe II 
Réle of Arginine and Tryptophan in Nitrogen Balance 
Subject A. B., daily nitrogen intake 7.00 gm. 


| 


| } N output 








| Blood 
Day No. _. | 5 balance | Nop. iain Diet 
. | Urine | Feces protein pens 4 Heme. | 
| | | 
Poe fm fm fm [ee ee one | 
1 | 74.1 | 5.82) 1.18] 0 | | Complete; 8 amino 
2 | 74.1 | 5.66 | 1.18 | +0.16 | | | acids* 
3 | 74.6 | 5.72 | 1.18 | +0.10 
4 | 74.1 | 5.89 | 1.18 | —0.07 | | 
5 | 74.6 | 5.81 | 1.18 | +0.01 | | 
6 74.1 | 5.61 | 1.18 | +0.21 | 53 7.6 | 16.8 | 
7 74.6 | 6.24 | 1.29 | —0.53 | | No tryptophan; 7 
8 75.0 | 7.32 | 1.29 | —1.61 | | amino acids 
9 | 74.1 | 8.05 | 1.29 | —2.34 | 
10 | 73.2 | 7.92 | 1.29| —2.21| 50 7.8 | 17.9 | 
ll | 73.2 | 6.19 | 1.20 | —0.39 | Complete; 8 amino 
12 73.2 | 5.30 | 1.20 | +0.50 | acids 
13 | 74.1 | 5.20 1.20} +0.60 | 
4 | 75.0 | 5.44 | 1.20 | +0.36 
1 | 75.5 | 5.32 1.20} +0.48| 53 7.7 | 16.0 


*Throughout this experiment the food was devoid of histidine and arginine. 


nature of arginine and demonstrate clearly that tryptophan is an indispen- 
sable component of the human dietary. 
In Table II is shown the distribution of nitrogen between the urine and 
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feces in the experiment upon A. B. As would be anticipated, the output 
of urinary nitrogen increased markedly during the period of tryptophan 
deficiency and diminished below the original level during the after period 
in partial compensation for the preceding negative balance. The data ha 
Table II also show that the values for plasma proteins and hemoglobin, de. 
termined at the end of each period, remained within normal limits through. 
out. The results of the erythrocyte and leucocyte counts are not presented 
inasmuch as they also were perfectly normal. No satisfactory explanation 
can be offered to account for the relatively high levels of whole blood non. 
protein nitrogen. On several occasions in the past, moderate increases jn 
non-protein nitrogen have been noted during periods of amino acid def- 


Tass III 
Urinary Nitrogen Partition (Period Averages) 


—— es 


l Creati-| Creat- | Uric | 
Period Total N| ee 8 Am-_| Creati-| Creat- | Uric | a-Am- | 


Subject moniaN nine N_ ine N | acid N| ino N — N| Diet 
days gm. gm. | gm. | gm. gm. gm. | gm. | gm. | 

C.S8., 70.0; 5 §.72 | 3.13 | 0.66 | 0.66 | 0.01 | 0.09 | 0.93 | 0.24 | Complete* 
kilos 4 6.90 | 4.07. 0.50 | 0.69 | 0.00 | 0.11 | 1.04 0.49 | No lysine 
7 | 5.83 | 3.03 | 0.68 | 0.66 | 0.02 | 0.10 | 0.96 | 0.38 | Complete 
A.B., 74.1 6 5.75 | 2.72 | 0.84 | 0.71 | 0.04 | 0.11 | 1.16 | 0.17 i. 
kilos 4 7.38 | 4.00 | 0.88 | 0.69 0.04 | 0.12 | 1.29 | 0.36 | No trypto- 

| phan 


5 | 5.49 | 2.40 0.88 | 0.67 | 0.04 | 0.11 | 1.15 0.24 | Complete 


* Throughout the experiment upon Subject C. 8. the food was devoid of histidine. 
+ Throughout the experiment upon Subject A. B. the food was devoid of histidine 
and arginine. 


ciency, and have been attributed to the accelerated catabolism associated 
. therewith. In the present experiment, the values reported for the fore- 
period and the after period are slightly above the range which is usually 
regarded as normal. Other subjects on similar diets displayed no such in- 
creases. Furthermore, Subject A. B., in an experiment conducted a few 
months earlier (3), showed perfectly normal values. In view of these facts, 
one is forced to the conclusion that the findings herein reported (Table II) 
are probably fortuitous. 

In Table III is presented the distribution of nitrogen among the several 
urinary components in the experiments upon C. 8. and A. B. As usual, all 
analyses were made at daily intervals, but the results are presented as 
period averages. The distribution is just as one would anticipate for sub- 
jects receiving normal diets of relatively low nitrogen content, except in the 
case of the a-amino nitrogen. In each subject the output of the latter is 
high. Levels of comparable height have been observed regularly through- 
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Dut out this series of investigations, and doubtless are attributable to the partial 
lan excretion of the p enantiomorphs of valine, isoleucine, and threonine. The 
od, q-amino nitrogen in these forms furnished by the daily allotment of Mixture 
| in B amounted to 1.31 gm. This is considerably in excess of the amounts 
de. found in the urine. 

gh- In Table IV is shown the final classification of the amino acids with re- 
ted spect to their dietary réle in the maintenance of nitrogen equilibrium in 
ion adult males of the human species. As will be observed, the classification 
on- differs from that applicable to the growing rat (5) only with respect to 
in histidine and arginine. The observation that dietary arginine is unneces- 
efi- 

TaBLe IV 


Final Classification of Amino Acids with Respect to Their Dietary Réle in 
Maintenance of Nitrogen Equilibrium in Normal Adult Man 








Essential Non-essential 
te® Valine Glycine 
a Leucine Alanine 
te Isoleucine Serine 
‘ Threonine Cystine 
Methionine Tyrosine 
- Phenylalanine Aspartic acid 
te Lysine Glutamic “ 
nal Tryptophan Proline 
fee Hydroxyproline 
dion Histidine 
Citrulline 
Arginine 
a : _ | A Al ODA ae: 0 es elle EE 
ore- | sary for nitrogen equilibrium was not unexpected, since adults of other 
ally species, notably the rat (8) and the dog (9), can synthesize this amino acid 
real at rates sufficient to meet the requirements of maintenance. But the find- 
few ing that histidine also is dispensable for the purpose in question was the 
acts, greatest surprise encountered in the human investigations. More than 50 
II) individuals have now been maintained in nitrogen equilibrium, or in posi- 
tive balance, upon diets devoid of this amino acid. Thus, the ability of 
veral adult man to get along successfully without the inclusion of histidine in 
1, all his food is a very general phenomenon and not one limited to an occasional 
das | individual. 
sub- The data accumulated in this laboratory afford no basis for deciding 
. the whether histidine is synthesized by the cells of man or by microorganisms 
a inhabiting his alimentary tract. In favor of the former alternative is the 
uugh- 


important observation of Levy and Coon (10) to the effect that human liver 
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slices, when incubated with formate-C", produced a labeled compound 
which was identified as histidine by paper chromatography. 

Finally, attention should be called to unpublished data! demonstrating 
that a considerable part of the phenylalanine and methionine requirements 
of man may be met by tyrosine and cystine respectively. Evidence for this 
will be presented in subsequent papers dealing with the quantitative needs 
of the human organism for each of the eight essential amino acids. The 
sparing effect of cystine upon the methionine requirement is of particular 
importance since the diets consumed by a large part of the human race are 
known to be relatively low in methionine. This has led to the belief that 
the latter amino acid is frequently the limiting factor in so far as the nitrog. 
enous portion of the rations is concerned. The extent to which cystine 
can supplement the methionine content may necessitate a revision of this 
concept and may simplify the problem of providing a more adequate pro- 
tein intake. 


SUMMARY 


Nitrogen balance studies in normal young men have demonstrated that 
lysine and tryptophan are indispensable dietary components. The exclusion 
of either from the food is followed promptly by a pronounced negative ni- 
trogen balance, which is relieved by the return to the diet of the missing 
amino acid. On the contrary, arginine, like histidine, is not a necessary 
component of the food for the maintenance of nitrogen balance in adult 
males of the human species. 

The final classification of the amino acids with respect to their réle in 
nitrogen equilibrium in adult man is summarized. 
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ENZYMATIC FORMATION OF MONOPALMITOLEYL- AND 
MONOPALMITOYLLECITHIN (LYSOLECITHINS)* 


By DONALD J. HANAHAN, MARTIN RODBELL, anp LESLIE D. TURNER 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, July 24, 1953) 


One of the phospholipide-hydrolyzing enzymes is lecithinase A, which, 
in theory, catalyzes the hydrolysis of only one of the fatty acid ester link- 
ages of the glycerol-containing phospholipides with the production of a free, 
unsaturated fatty acid and a monoacyllecithin (lysolecithin). Although 
evidence has accumulated in support of the proposition that only unsatu- 
rated fatty acids are removed (1, 2), these studies must be considered cau- 
tiously in light of the known inhomogeneity of the substrates. 

Recently there have been two reports of studies on the action of this 
enzyme system on pure compounds. Zeller (3), who followed the reaction 
by measuring the amount of hemoglobin released in the hemolysis of eryth- 
rocytes by the lysolecithin, reported for the first time that Nata naia and 
Vipera aspis venoms could attack a pure, saturated lecithin, (dimyristoy])- 
t-e-lecithin.!_ In his interpretation of these results, Zeller considered it 
more likely that the position, whether a or 8 on the lecithin molecule, 
rather than the nature of the fatty acid was the more decisive factor. 
However, no information on the chemical nature of the products was given. 
Ina preliminary report from this laboratory (4), we were concerned with 
the action of lecithinase A on a pure, unsaturated lecithin and its hydro- 
genated derivative. The present communication is a more complete re- 
port on this study, which has involved an investigation of the action of 
Naia naia and Crotalus adamanteus venoms on (dipalmitoleyl)-L-a-lecithin 
(5) and (dipalmitoyl)-L-e-lecithin (5). The products of the reactions have 
been isolated and identified and two homogeneous lysolecithins, mono- 
palmitoleyl- and monopalmitoyllecithin, are described. Since it had been 
observed that this type of reaction proceeds more rapidly and smoothly in 
diethyl ether (2), all the reactions described here were run in this solvent 
and a simple titrimetric assay was used to follow the kinetics of the reac- 
tion. 


*Supported in part by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 
Apreliminary report of this work was presented at the annual meeting of the Ameri- 
can Society of Biological Chemists, Chicago, April, 1953. 

‘We have found that saturated and unsaturated lecithins also possess hemolytic 
activity, though less pronounced than the lysolecithin. 
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EXPERIMENTAL 


Substrate—(Dipalmitoleyl)-L-a-lecithin was isolated from fresh bakery’ 
yeast by chromatographic separation on aluminum oxide (5). The com. 
position of a typical preparation is given in Table I. Hydrogenation a 
atmospheric pressure over platinum oxide’ yielded the corresponding di. 
hydro derivative, (dipalmitoyl)-1-a-lecithin; [a]? +6.65° (ec. 8 in chlon. 


TABLE [ 


Composition of Enzymatically Synthesized Monopalmitoleyllecithin 








Values for monopalmitoleyllecithin* 
| Dipalmi- | Found 
| toleyl- 
lecithin : : ——— ——— 
Experi- | Experi- |Experi- |Experi- | Experi- 
Theory| ment | ment ment ment ment 
| ie | wm | iv V 
PEE ea a: Saneeereerer } ee ee sal , 
NE satis ks ac sacintens 4.11} 6.07; 6.10 6.18 6.02 6.04} 6.00 
N, %. a seat .| 1.87] 2.76] 2.80; 2.81) 2.731 2.75) 9.7% 
Choline, %...... ...| 16.1 | 23.6 | 23.0 | 23.8 | 24.1 | 24.1] 20.8 
N:P, molar ratio : 1.0 1) £.0:| 8H) 18) 1a 1.0 
Choline-P, molar ratio........ 1.0 1.0} 0.99 0.99 1.0 1.0 0.98 
Hydrogen No. ..-.| 3¢4 513° 511 S1l 5138 5 512 
[a]®, degrees... .. +6.6 | —2.20 —2.10 —2.10 —2.18] —2.15 
Total fatty acids, %.. 67.0 | 49.7 | 49.2 | 50.0 | 49.6 | 49.0] 49.0 
Neutral equivalent 254.4 |254.4 253.8 252.0 255.0 253.0 | 255.0 
Hydrogen No.... 254.4 /254.4 255.0 256.0 252.0 256.0 | Not run 
Iodine No. ; : 99.5 99.5 99.0 | 99.0 |100.0 | 99.5 TE 5 
Fatty acid-P, molar ratio 2.0 1.0; 0.98; 1.0} 1.0] 0.99) 1.0 








* These represent separate experiments which were stopped at the following 
times: Experiment I, 15 minutes; Experiment II, 20 minutes; Experiment III, 0 
minutes; Experiment IV, 50 minutes; Experiment V, 50 minutes. 


form-methanol (1:1)) sinters at 90-92° with the formation of a sharp men- 
iscus at 235.0-235.2°. 

Methods—Phosphorus was determined by King’s method (6), choline by 
Glick’s method (7), and nitrogen by the micro-Kjeldahl procedure with 
selenium oxychloride as the catalyst. Iodine numbers were assayed by 
Yasuda’s technique (8) and hydrogen numbers’ by catalytic hydrogenation 
over platinum oxide. Optical activities were measured with a Rudolph 
polarimeter. Infra-red spectra were obtained on a Perkin-Elmer model 


2 When 10 per cent Pd on charcoal was used as a catalyst, the hydrogenation was 
incomplete and the recoveries low. 

’ The hydrogen number = the weight of the sample X 22.4 per ml. of hydrogen 
absorbed (standard temperature and pressure). 
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No. 21 infra-red recording spectrometer. The purity of the products was 
checked further by the paper chromatographic techniques described in an 
accompanying paper (9). 

Enzymes—The lyophilized venoms of Naia naia and Crotalus adamanteus 
were used. Because of the interference of most of the common buffers, 
ie. glycine-NaCl, phosphate, barbiturates, acetate, etc., in causing a fleet- 
ing end-point in the titration of the free fatty acids, all the enzyme solu- 
tions were prepared in distilled water and adjusted to pH 6.5 to 7.0. These 
enzyme preparations were stable for 2 to 3 days at 4°. However, those 
prepared in a buffered solution at pH 7.0 were stable for as long as 30 days 
at 4°. Although the buffer has no influence on the course of the reaction 
in ether, it is useful for the storage of the enzyme. 

Assay System—A titrimetric assay was used to follow the kinetics of 
this enzyme action. All the reactions were run at room temperature in 2 
ml. glass-stoppered volumetric flasks (straight side type). 1 ml. of the 
substrate in peroxide-free ether was transferred to each of a series of flasks. 
The enzyme in 20 \ of water was pipetted onto the wall of the flask at a 
point a few mm. above the surface of the solvent. This prevented the en- 
zyme and substrate from mixing until the desired time. At zero time the 
tubes were stoppered and mixed by shaking for 10 seconds. The reaction 
mixture became homogeneous within this period of time. During the in- 
cubation period a precipitate formed, but, as discussed below, this did not 
interfere. After allowing the mixture to stand for the desired period, the 
enzymatic action was stopped by the addition of 1 ml. of 95 per cent ethyl 
alcohol. 0.1 ml. of a 0.1 per cent aqueous cresol red indicator was added 
and the free fatty acids were titrated with 0.02 n NaOH in 90 per cent 
methanol with a Gilmont ultramicro burette. During the titration, nitro- 
gen was bubbled through the solution. The zero time blank of the reac- 
tion was determined by titrating immediately a mixture prepared by com- 
bining the substrate in ether, the alcohol, and enzyme in this order. 


Results 
Kinetics 
Inasmuch as a pH value has little significance in diethyl ether, no pH 
curves are included. However, we have performed some experiments in 
which the pH of the enzyme solution added to ether reaction mixture was 
varied. There appeared to be little loss in activity over a pH range from 
4to7.5. From pH 7.4 to 9.7 and from pH 4 to 2, there was approximately 
420 per cent decrease in activity. 
Effect of Substrate-—The influence of varying substrate concentrations on 


‘Obtained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
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the rate of the reaction was followed. In these studies, 8 y of Naia naig 
venom were incubated with substrate solutions varying in concentration 
from 3 mg. to 35 mg. of unsaturated lecithin per ml. As would be expected 
for a typical enzyme-catalyzed reaction, an increase in substrate concep. 
tration caused an increase in the amount of free fatty acid released (Fig. 
1). When these data were plotted according to Lineweaver and Burk (10), 
a K,, value of 10.2 X 10-* mM was found. If these data are plotted accord. 
ing to Eadie (11) a K,, of 9.8 X 10-* m is obtained. Similar results were 


35.3 mg. per mi. 


sad 
& 2.5 
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yy 
& 2.04 
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& —4 883mg. per mi. 
© 154 ie 
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Bric. 1. Influence of the substrate concentration on the rate of reaction of Naia 
naia venom on unsaturated lecithin in diethyl ether. 


obtained with the Crotalus adamanteus venom, but the K», values have not 
been determined. 

Concomitantly, the action of these snake venoms on a saturated lecithin 
was studied. Because of the limited solubility of (dipalmitoy])--e-leci- 
thin in diethyl ether, the reaction was run in a 95 per cent ether-5 per cent 
ethyl alcohol mixture. The lecithin was first dissolved in the alcohol and 
then diluted with diethyl ether. Under these conditions, both Naia naia 
and Crotalus adamanteus venoms hydrolyzed the saturated lecithin to mo- 
nopalmitoyllecithin and palmitic acid. A comparison of the rates of hy- 
drolysis of the unsaturated and saturated lecithin in 95 per cent ether-5 
per cent alcohol by these venoms was made. When 8 mg. of substrate 
were incubated with 8 y of venom, the reaction rate of the two venoms on 
the saturated lecithin was much faster than on the unsaturated lecithin. 
A control which contained the venom and unsaturated substrate in diethyl 
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ether only was run. These results are shown in Figs. 2 and 3. The prod- 
ucts of the enzymatic hydrolysis of the saturated lecithin, which were iso- 
lated by the procedure outlined below (‘‘General preparation’’), were the 
same as those obtained from the hydrogenation of the products of the hy- 
drolysis of the unsaturated lecithin. 

Effect of Enzyme Concentration—Variations in enzyme concentration pro- 
duced the expected linear changes in the amount of free fatty acid released 
from the substrate. 














. a8 
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Fic. 2. Action of Naia naia venom on unsaturated and saturated lecithin in 95 
per cent diethyl ether-5 per cent alcohol. The control, containing unsaturated leci- 
thin plus venom, was run in ether only. 


Chemical Nature of Products 


In every reaction mixture run to date, the only products were a monoacyl- 
lecithin and a free fatty acid. Regardless of the time at which the reac- 
tion was stopped and the products were isolated essentially by the proce- 
dure described below, the same reaction products were found. Typical 
data for the composition of several reaction mixtures, which were inter- 
rupted at various time intervals, are given in Table I. In addition to the 
other analytical data being uniformly reproducible, the optical activity 
and the infra-red spectra (Fig. 4) of the lysolecithin were the same in every 
case. 

The following procedure was developed for the preparation of large 
amounts of the monoacyllecithin, but can be easily adapted to a smaller 


seale. 
General Preparation 


5 gm. of (dipalmitoleyl)-L-a-lecithin were dissolved in 500 ml. of perox- 
ide-free diethyl ether. 5 ml. of an aqueous enzyme solution which con- 
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tained 15 mg. of Naia naia or Crotalus adamanteus venom were added, 
After mixing thoroughly for 30 seconds, the solution became homogenegys 
and clear. Within a period of 2 to 3 minutes, a turbidity had developed 
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Fic. 3. Action of Crotalus adamanteus venom on unsaturated and saturated leci- 
thin in 95 per cent diethyl ether-5 per cent alcohol. The control, containing unsat- 
urated lecithin plus venom, was run in ether only. 
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Fic. 4. Infra-red spectra of lysolecithins. Curve 1, monopalmitoleyllecithin 
11.6 per cent in CHCl;, monopalmitoyllecithin. 
11.7 per cent in CHC\};. 





Curve 2, monopalmitoyllecithin, 
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and in 10 minutes the flask was filled with a white colloidal precipitate. 
Shortly thereafter (usually 10 to 15 minutes) a gelatinous precipitate (A) 
formed and gradually settled to the bottom of the flask, leaving a clear 
supernatant solution (B). When the above amount of substrate and en- 
zyme was used, the reaction was at least 95 per cent complete in this time 
interval. (A) is the monopalmitoleyllecithin fraction and (B) contains the 
fatty acid. They are recovered and purified in the following manner. 

A. Monopalmitoleyllecithin—The gelatinous residue (A) was removed by 
centrifugation and the supernatant solution (B) was saved. The residue 
(A) was suspended in diethyl ether and centrifuged. The washings were 
combined with the supernatant solution (B) and set aside. Then the resi- 
due was dissolved in a minimal amount of chloroform and 6 volumes of 
diethyl ether were added. The monoacyllecithin, which precipitates im- 
mediately, was centrifuged and washed with ether. The washings were 
combined with the supernatant solution (B) and the previous washings. 
The precipitated lysolecithin was dissolved in a minimum of chloroform 
and the above precipitation and washing with ether were repeated. This 
procedure was repeated five times; yield of lysolecithin, 3.3 gm. (theory, 
34 gm.). Monopalmitoleyllecithin is a colorless, pasty, non-crystalline 
substance which is quite stable to air oxidation and is easily soluble in 
ethyl alcohol, methanol, chloroform, and pyridine and water, slightly solu- 
ble in acetone, and insoluble in diethyl ether and petroleum ether. The 
analytical data on this substance are given in Table I. 

Hydrogenation of this product over PtO, gave monopalmitoyllecithin. 
After drying for 2 days over P.O; in vacuo at room temperature, the com- 
pound melted at 195-196° when placed in a bath at 180° and heated at the 
rate of 3° per minute; [a]; —2.2° (c, 10 in chloroform). The analysis of 
saturated lysolecithin was 


CuH»OsNP. (513) 
Calculated. C 56.1, H 10.1, N 2.72, choline 23.6, P 6.04 
Found. ‘* 55.0, ‘* 10.0, “ (Dumas) 2.65, N (Kjeldahl) 2.65, 
choline 23.2, P 6.08 


B. Fatty Acid—The supernatant solution (B) and the ether-soluble wash- 
ings from the lysolecithin fractionation were concentrated to approxi- 
mately 25 ml. at 37° under reduced pressure in an N2 atmosphere. Any 
precipitate which may form is lysolecithin and was removed by centrifu- 
gation. The soluble fraction was concentrated to dryness under nitrogen; 
yield, 1.5 gm. of fatty acid (theory, 1.6 gm.). The material is a colorless 
oil which melts near 1°. Theory for palmitoleic acid: iodine number 99.5, 


‘Carbon, hydrogen, and nitrogen analyses were performed by the Elek Micro 
Analytical Laboratories, 4763 West Adams Boulevard, Los Angeles, California. 








438 LYSOLECITHINS 


neutral equivalent 254.4, hydrogen number 254.4. Found, iodine numbe 
99.0, neutral equivalent 254.0, hydrogen number 254.0. 50 mg. of the 
acid were treated with 10 drops of oxalyl chloride and allowed to stand gj 
room temperature for 2 hours. The excess oxalyl chloride was removed in 
vacuo. Cold 10 per cent aqueous ammonia was added and the mixtur 
placed in an ice bath for 45 minutes. The amide was collected on a filter 
and recrystallized three times from 50 per cent ethanol; yield, 40 mg. of 
palmitoleamide; m.p. 68.5-69.0°. 


4 


CysH3,NO. Calculated. C 7é 
oa 4 


(253) Found. 


x or 


.8, H 1 
Pa 
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bo bo 


3, N 
9 ‘“ 
=? 


Oo 
oo 


Hydroxylation of the original acid by the procedure of Swern et al. (12) 
yielded cis-dihydroxypalmitic acid; m.p. 85.5-86.0°. 


Ci6H3204. Calculated. C 66.7, H 11.1 
(288 .0) Found.® le ee 
Neutral equivalent. 289.0 (theory, 288.0) 


A vicinal glycol analysis by the method of Pohle eé al. (13) showed that 
only the dihydroxy acid was present. Oxidative degradation of the dihy- 
droxy acid by the procedure of Huber (14) yielded heptoaldehyde (seni- 
carbazone, m.p. 109-110°) and azelaic acid (m.p. 105.0—105.6°). Hydro- 
genation of the unsaturated fatty acid over PtO: yielded a solid fatty acid, 
which was recrystallized twice each from 60 per cent ethanol and 10 per 
cent aqueous acetone; m.p. 60—60.5°; neutral equivalent, 255.5 (palmitic 
acid; m.p. 60-60.5°; neutral equivalent, 256.0). Admixture with pure pal- 
mitic acid did not show any depression of the melting point. The infra- 
red spectrum of the palmitoleic acid agreed with that previously reported 
(5) and with that of the fatty acid isolated from the starting material. 
The above evidence showed that during the enzymatic hydrolysis of the 
unsaturated lecithin no chemical changes, such as a shift in the double bond 
position, an increase in the number of double bonds, or saturation, had oe- 
curred in the palmitoleic acid. 

This same procedure may be applied with equal facility to the enzy- 
matic degradation of (dipalmitoy])-L-a-lecithin. In this case the substrate 
is dissolved in a minimal amount of 95 per cent ethanol and a sufficient 
amount of diethyl ether is added to make a 95 per cent ether-5 per cent 
alcohol mixture. The monopalmitoyllecithin prepared by this procedure 
was identical with that prepared by the hydrogenation of monopalmitoleyl- 
lecithin. 


General Observations on Reaction 


During the course of the reaction, the mixture became cloudy and later 
a heavy, gelatinous precipitate formed. Inasmuch as it was observed in 
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general that a decrease in the rate of the reaction accompanied the precipi- 
tate formation, it was of interest to investigate the influence of this effect 
on the rate. ‘Two series of reaction mixtures, each of which contained 8 
mg. of substrate and 8 y of enzyme, were prepared as described above. 
One group was mixed vigorously on a Fisher-Kahn shaker and the other was 
allowed to stand undisturbed throughout the incubation period. Both ex- 
perimental conditions gave exactly the same rate of production of free fatty 


= 4 
a" Precipitate + Additional Substrate 
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Fic. 5. Location of enzyme in reaction mixture. At Point A in a reaction of 
Naia naia venom on unsaturated lecithin in diethyl ether, a precipitate had formed. 
Point B represents another similar reaction, which was allowed to go to essential 
completion and additional substrate was added. 


acid, thus showing that shaking has little influence on the rate of this re- 
action. 

It was of interest to ascertain the location of the enzyme in this type of 
system. This was shown in part by the following experiments. A mix- 
ture containing 8 mg. of lecithin and 8 y of enzyme was allowed to react 
until a definite precipitate had formed (Fig. 5, Point A). Then the reac- 
tion mixture was centrifuged and the supernatant solution, which contained 
only free fatty acids and no phosphorus compounds, was transferred to 
another flask containing 8 mg. of fresh substrate. 1 ml. of an ether solu- 
tion containing 8 mg. of lecithin was added to the precipitate, which con- 
tained all of the phosphorus originally added. Then, in each case, the 
liberation of free fatty acid was followed. All the enzyme activity ap- 
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peared to be associated with the precipitate (Fig. 5, Point C), while no 
activity was detectable in the supernatant solution (fatty acid) fraction 
(Fig. 5, Point D). Of added interest is the observation that a reaction 
mixture which was allowed to go to essential completion (Fig. 5, Point B) 
still possessed a high enzyme activity. This was proved by the addition 
of 8 mg. of fresh substrate to a complete reaction mixture at Point B. This 
resulted in a renewal of free fatty acid production. Thus the enzyme ap. 
pears to be carried along with the lecithin-lysolecithin precipitate which 
forms during the reaction. This is of considerable interest inasmuch as 
further enzymatic action occurs in this precipitate and apparently in much 
the same manner as in the original homogeneous system. 
DISCUSSION 

The evidence presented here clearly shows that the ‘‘lecithinase”’ pres. 
ent in the venoms of Naa naia and Crotalus adamanteus can attack a satu- 
rated lecithin as well as an unsaturated one. This is in essential agree. 
ment with the report of Zeller (3), who observed that Nata naia and Vipera 
aspis venoms could produce a hemolytic substance by action on (dimy- 
ristoyl)-L-a-lecithin. In the present investigation, it was found that this 
enzyme system attacks the saturated lecithin at a much faster rate than 
the unsaturated compound. This strongly suggests that there are present 
in these venoms enzymes which are capable of removing from the lecithin 
either a saturated or an unsaturated fatty acid, but not both. If this 
proposal is correct, it may explain the results obtained with other sources 
of lecithinase A where only the unsaturated fatty acid is released (1, 2). 

A homogeneous, unsaturated lysolecithin, monopalmitoleyllecithin, and 
a homogeneous, saturated lysolecithin, monopalmitoyllecithin, have been 
prepared. Levene and Rolf (15) had reported the isolation of a “pure” 
lysolecithin by the action of snake venom on egg lecithin. However, it 
was evident from the analytical data on the fatty acid composition that 
their preparation was not homogeneous. Thus, on the basis of the pres- 
ent work, well characterized substrates for further studies on the action of 
phospholipide-hydrolyzing enzymes as well as for studies involving the syn- 
thetic pathway of phospholipides in tissues are available. 

The technique of studying the hydrolysis of lecithin in diethyl ether 
presents a reproducible means for following the kinetics of this enzymatic 
action. In addition, it provides a very convenient method for the bulk 
preparation of lysolecithins of high purity and in high yields. It is inter- 
esting that this enzyme system behaves in ether in the same manner as it 
does in an aqueous, buffered medium. In each medium it yields similar 
hydrolytic products. One might consider that the ether aids in the reac- 
tion by sweeping the fatty acid away from the enzyme surface and possibly 
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asa “buffer”’ by depressing the ionization of the fatty acid. Inasmuch as 
the enzyme cannot be extracted with ether alone, its solubility in diethyl 
ether is attributable to a complex formation with the substrate. 


SUMMARY 


The action of Nata naia and Crotalus adamanteus venoms on (dipalmi- 
toley!)-L-a-lecithin and (dipalmitoyl)-L-a-lecithin in diethyl ether has been 
studied. In each case the products of the reaction, which have been well 
characterized, are the corresponding monoacyllecithin and a free fatty acid. 
An investigation of the kinetics of this system showed that the saturated 
lecithin is attacked at a much faster rate than the unsaturated lecithin. 
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PAPER CHROMATOGRAPHY OF LECITHINS* 


By F. M. HUENNEKENS, DONALD J. HANAHAN, ann MAYO UZIEL 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, July 24, 1953) 


Studies on the enzymatic degradation and synthesis of phospholipides 
are greatly facilitated by the use of paper chromatography as a means of 
identifying the various intermediates. Levine and Chargaff (1) have em- 
ployed this technique for the separation and estimation of the nitrogenous 
bases, choline, ethanolamine, and serine. More recently, Kornberg and 
Pricer (2) and Kennedy (3) have employed paper chromatography in con- 
junction with radioautographs, or direct counting of eluted samples, to es- 
tablish the enzymatic synthesis of the acyl ester linkages in phosphatidic 
acids and phospholipides. In addition, paper chromatography has been 
employed by Bevan et al. (4) and Lea and Rhodes (5) as an adjunct to 
their investigations on the separation of phospholipides by column chroma- 
tography. 

The present investigation is concerned with the separation and identifi- 
cation by means of paper chromatography of a series of pure, well charac- 
terized compounds which may be regarded as fragments of, or derived from, 
a homogeneous unsaturated lecithin, (dipalmitoley])-L-a-glycerylphos- 
phorylcholine (6). 

O 
| 
CH.0—C—(CH:);CH=CH (CH,),CH; 
° | 
| 


CH;(CH.); CH=CH(CH.);—COCH 





l 
| O 
| 


CH.O— P—OCH:CH:N*(CHs); 


| 


o- 

The other compounds under investigation and their method of prepara- 
tion are listed in the “Experimental” section. 

RESULTS AND DISCUSSION 

Identification of Functional Groups—The various spray reagents, de- 
scribed in detail in the “Experimental” section, are listed in Table I with 

* Supported by grants from funds from Initiative 171, State of Washington. 
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respect to their ability to detect the compounds in question. The molyb. 
date-perchloric reagent, used by Bandurski and Axelrod (7) for the deter. 
tion of phosphorylated sugars, is equally effective for the lecithin and its 
phosphate-containing derivatives, a result which was not anticipated jn 
view of the known stability of the phosphodiester linkages in phospholip. 
ides. In a similar manner, the phosphomolybdic-SnCl. reagents which 


TaBLe I 
Spray Reagents 


Unsaturated compounds 


Substance per Phosphate Ester Choline 
Permanganate Iodine 
Unsaturated lecithin. . + + + + + (Yellow) 
Saturated lecithin. . ok + 4. am ut 
Unsaturated lysolecithin. + + + + + (Yellow) 
Saturated lysolecithin. . aa + + _ + (Red-yellow 


a-Monopalmitin — —* — +7 (White) — 


a,8-Dipalmitolein. . . - + _ + + (Gray) 
Phosphatidie acid + + = — , 
Glycerylphosphory]- 

choline... + - + — + (Red-brown) 
Glycerophosphate. . + — _ — — 
Phosphorylcholine + — + _ - 
Cholme........ _ ay + - + (Red-brown) 
Spot color (exceptions Blue Gray- Blue Yellow Yellow to red- 

noted) purple brown 
Background color Blue- Pale Blue- Purplet Gray-yellow 


white’ yellow white 


* No explanation can be offered for the failure of this compound to react positively 
with the ester spray. 

t This color reaction is somewhat unexpected, considering the lack of unsaturated 
linkages in the compound. 

t Blue-green background after benzidine spray. 


Levine and Chargaff (1) employed for free choline proved to be also appli- 
cable to esterified choline, as noted previously by other investigators (4, 
5). The hydroxamic acid spray (8) for ester linkages is not wholly satis- 
factory, owing to the transient nature of the colored areas and to the rela- 
tively low sensitivity. Finally, the unsaturated group, >C = C<, may 
be detected by spraying either with iodine in methanol (9) or aqueous per- 
manganate. The latter reagent is preferable inasmuch as the colored zones 
can be accentuated by spraying with benzidine (10). Although not shown 
in Table I, the free fatty acids, of which oleic was chosen as a representa- 
tive example, may be detected by spraying with brom cresol green (11). 





Si 
scre 
rive 
alor 
ben: 
tone 
alco 


pro 


Uns 
Sati 


Sati 
a-M 
a,B 


Phe 


Ole 
Gly 
8-G 


nolyb. 
detec. 
ind its 
ted in 
rholip- 
which 


v) 
ellow) 


‘Own) 


Own) 
red- 


Ww 


itively 


urated 


appli- 
rs (4, 
satis- 

rela- 

may 
3 per- 
Zones 
hown 
enta- 


1). 





XUM 


HUENNEKENS, HANAHAN, AND UZIEL 445 


Solvent Systems and Ry Valwes—A number of organic liquids were 
screened as possible solvents for the chromatography of lecithins and de- 
rived fragments. The following were found to be unsatisfactory when used 
alone, or when either phase of the water-saturated mixture was employed: 
benzene, xylene, pyridine, N-methylmorpholine, dimethylformamide, ace- 
tone, diethyl ether, diisopropyl] ether, chloroform, benzyl alcohol, t-butyl 
alcohol, and z-butyl alcohol. 

It was found that satisfactory results could be obtained with ethyl, n- 
propyl, n-butyl, n-amyl, and n-hexyl alcohols containing a small amount of 








TaBLeE II 
Rr Values in Various Solvent Systems 
Substance Solvent 1 Solvent 2 Solvent 3 | Solvent 4 
Unsaturated lecithin.......| 0.81 | 0.89 0.78 | 0.86 
Saturated lecithin. ........ 0.87 | 0.89 0.78 | 0.86 
Unsaturated lysolecithin...| 0.70 | 0.87 0.80 0.80 
Saturated lysolecithin.... | 0.67 | 0.89 0.61 | 0.85 
a-Monopalmitin . .. | 0.93 0.92 0.91 | 0.90 
a,6-Dipalmitolein. . . 0.93 0.88 0.91 |} 0.92 
Phosphatidic acid. . -..| Streak | Streak Streak | Streak 
| (0.00-0.50) | (0.00-0.50) | (0.00-0.30) | (0.03-0.10) 
Oleic acid....... ee 0.95 | 0.92 0.94 | 0.94 
Glycerylphosphoryleholine.| 0.00 | 0.70 | 0.25 | 0.76 
8-Glycerophosphate........| 0.00 | 0.46 | 0.03 | 0.07 
| 0.09 
Phosphory!choline........| 0.00 | 0.45 | 0.00 | 0.08 
Choline....... 3 of Dat | 0.72 0.30 | 0.40 


Solvent 1, n-butanol saturated with water; Solvent 2, ethanol-water (8:1); Sol- 
vent 3, n-propanol-water (8:1); Solvent 4, n-propanol-acetic acid-water (8:1:1). 


water. Ethylene glycol monomethy] ether and 1 ,4-dioxane were also sat- 
isfactory solvents. The Ry values obtained with four representative sol- 
vent systems are given in Table II. Since no attempt was made to control 
certain variables, notably temperature, which are known to influence the 
rate of migration of the substances, the numerical values given in Table II 
are not absolute, but, rather, the average values obtained from numerous 
chromatograms. In each of these systems the solvents were compatible 
with the sprays to the extent of yielding light backgrounds for the colored 
zones. Furthermore, all of the compounds moved as single, well defined 
spots, except the phosphatidic acid which streaked, and 6-glycerophosphate 
which, in Solvent 4 only, gave two discrete spots, indicating a possible mi- 
gration of the phosphate group under these conditions. 

In general, the principal use of these solvent systems and sprays is to 
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separate, or identify, the following classes of substances: (1) lecithing or 
lysolecithins, (2) glycerides, (3) phosphatidic acids, and (4) derivatives of 
(1) in which the fatty acids have been removed. Within a given class, in 
addition, it is possible to resolve certain mixtures such as lecithin and lyso- 
lecithin, saturated and unsaturated lecithins or the corresponding lysolee. 
ithins, and choline, phosphorylcholine, glycerylphosphorylcholine, and glyc- 
erophosphate. It has been observed, however, that mixtures of lecithin 
and lysolecithin, or saturated and unsaturated lecithins, often are separated 
into two discrete spots but with different Ry values from those expected 
from the behavior of the single components. It has not been determined 
whether this is due to an interaction of the substances or to a change in 
composition of the mobile and stationary phases induced by the presence 
of the substances. 

Other uses have been found for these methods. During the chromato- 
graphic purification of lecithins (6), or derived compounds, when the col- 
umn effluent may be collected in several hundred tubes, it is expedient to 
spot aliquots of each tube on paper and, by means of the above spray tech- 
niques, locate the peak samples containing the desired fraction. 


EXPERIMENTAL 


Materials—The parent compound, an unsaturated lecithin, (dipalmito- 
ley])-L-a-glycerylphosphorylcholine, was isolated from bakers’ yeast by the 
method of Hanahan and Jayko (6). Monopalmitoleyllecithin, which is not 
yet established as an a- or 6-lysolecithin, was prepared by enzymatic hy- 
drolysis of the lecithin with snake venom (12). The corresponding satu- 
rated lecithin and lysolecithin resulted from catalytic hydrogenation of the 
above compounds (6). a@,8-Dipalmitolein was prepared by enzymatic hy- 
drolysis of the unsaturated lecithin (13) by a Clostridium perfringens toxin 
(kindly supplied by Dr. Piersma of the Lederle Laboratories). a-Mono- 
palmitin was purchased from Armour and Company, while choline and 
sodium #-glycerophosphate were Eastman products. Phosphorylcholine 
was synthesized by the method of Baer (14). a-Glycerylphosphorylcho- 
line and the dipalmitoylphosphatidic acid were generously provided by Dr. 
Erich Baer. All of the compounds were of maximal purity, according to 
the criteria cited in the original references. In no case did the paper chro- 
matograms reveal any evidence of gross inhomogeneity. 

Methods—-Descending paper chromatograms were run at room tempera- 
ture (about 25°) on 50 X 100 cm. sheets of Whatman No. | paper in chro- 
matographic cabinets. Solvents were equilibrated in the cabinets for at 
least 3 hours prior to the running of the chromatogram. 

The phosphate spray technique was that employed by Hanes and Isher- 
wood (15) as modified by Bandurski and Axelrod (7). Choline-containing 
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compounds were detected by the “dipping” technique of Levine and Char- 
gaff (1). ‘The hydroxylamine-FeCl; spray for ester linkages was that sug- 
gested by Whittaker and Wijesundera (8) with the added precautions of 
using only freshly prepared reagents and allowing the paper to dry thor- 
oughly after spraying with hydroxylamine. Unsaturation was detected by 
spraying with 1 per cent aqueous potassium permanganate, which pro- 
duced yellow spots against a purple background. These spots could be ac- 
eentuated by washing the excess permanganate from the paper with running 
water, drying, and spraying with 0.2 per cent benzidine in 5 per cent acetic 
acid (10), whereupon the yellow spots can be seen against a blue-green 
background. An alternate method for locating unsaturated compounds 
by spraying with 1 per cent iodine in methanol has the advantage of giving 
different colored spots with several of the compounds, as indicated in Table 


I. 


The authors are indebted to Mr. Li Sen Liu for his assistance during 
this investigation. 


SUMMARY 


1. The separation and identification of a series of compounds, derived 
from the unsaturated lecithin, (dipalmitoleyl)-L-a-glycerylphosphorylcho- 
line, have been accomplished by means of paper chromatography by using 
various alcohol-water mixtures as the solvent systems. 

2. Spray techniques have been employed to detect phosphate, choline 
ester, and unsaturated groupings. 
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(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, August 7, 1953) 


It has been known for many years that free amino acids are present in 
the blood and that their concentration increases after ingestion of a meal. 
In 1912 Van Slyke and Meyer (1) reported the presence of amino nitrogen 
in the non-protein fraction of the blood of dogs and that its concentration 
increased after feeding meat. Abel et al. (2), using a vivi-diffusion appara- 
tus, observed that free amino acids are transported as such in the blood. 
Shortly after Abel’s results were published, Abderhalden (3) reported the 
isolation of a considerable quantity of free amino acids from the blood. 

In 1906 Howell (4) reported that the concentration of amino acids in 
the portal vein was greater than that in the jugular vein after ingestion of 
ameal. He also reported the presence of free amino acids in the blood of 
dogs that had been fasted for 60 hours. 

In 1949 Dent and Schilling (5) suggested that proteins may be only par- 
tially hydrolyzed in the intestinal tract. They theorized that, although an 
increase in the concentration of free amino acids in the systemic blood could 
be detected after ingestion of a meal, a large portion of the protein might 
be transported to the tissues as peptides. The tissues could utilize these 
peptides by converting them into new proteins and discarding the unneeded 
amino acids, thus causing a rise in the free amino acids of the blood plasma. 
They (5) successfully cannulated the portal vein of dogs and collected 
blood at various times after feeding different sources of protein. Analyses 
of these samples (5, 6) revealed a slight increase in the conjugated amino 
acids in the blood plasma from the portal vein but a much greater increase 
in the concentration of free amino acids. These conjugated amino acids 
were not necessarily fragments of the proteins ingested, since the feeding 
of -glutamic acid produced increases in the conjugates of the plasma. 

This work was confitmed in 1951 by Parshin and Rubel (7) who found 
no evidence for the absorption of peptides through the intestinal wall. 

Undoubtedly, proteins are, for the most part, hydrolyzed to amino acids 
which are absorbed and transported as such in the blood. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by grants from Wilson and 


Company, Chicago, Illinois, and the National Live Stock and Meat Board, Chicago, 
Illinois. 
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After successfully cannulating the portal vein of dogs (8), studies were 
begun to determine whether there was a difference in the time and extent 
of absorption of amino acids after feeding different proteins. 


EXPERIMENTAL 


Because of the various experimental procedures used in the following 
studies, experiments will be described separately. All dogs were main- 
tained on the complete semipurified ration recommended by Campbell (9) 
which has the following composition, in gm.: sucrose, 687; casein,’ 190; 
Salts 4 (10), 40; cottonseed oil, 110; choline, 1.66; and vitamin mixture,’ 1, 

The test meals were fed and blood was collected and analyzed as de- 
scribed by Denton ef al. (8). The ration previously mentioned was fed 
when the digestion of casein was being studied, and, when zein® and beef! 
were used, these two proteins were substituted for casein to give the same 
nitrogen intake. The fat present in the meat replaced part of the cotton- 
seed oil in order that the fat content remain at the same level in all rations. 

Dog 102—150 gm. of ration containing zein as the source of protein were 
fed to Dog 102 after his portal vein had been cannulated according to the 
method of Denton ef al. (8). The results of the amino acid analyses of the 
blood plasma are presented in Table I. A decrease in the concentration of 
the amino acids measured occurred at 1 and 1.5 hours after feeding zein, 
but an increase, with the exception of lysine, occurred at 5 hours. The 
reason for the decrease in the concentration of amino acids in the blood 
plasma from both veins is not known; however, zein does have a very low 
concentration of most of the essential amino acids. The same results have 
been obtained in previously conducted experiments with zein. The time 
of sampling may be very important, since the concentration of amino acids 
in the blood plasma may not exhibit a gradual increase and decrease after 
- ingestion of a meal. 

Dog 102A—After feeding zein twice and finding this unusual absorption 
pattern, 150 gm. of a casein ration were fed and blood was withdrawn from 
the portal and radial veins before (0 hour), 1, 2.5, and 5 hours afterwards. 
Amino acid analyses were made on the protein-free blood plasma and the 

1 Vitamin-free test casein, General Biochemicals, Inc., Chagrin Falls, Ohio. 

2 Each 1 gm. portion of the vitamin mixture in a sucrose base contained 3.3 mg. of 
thiamine hydrochloride, 3.3 mg. of riboflavin, 2.0 mg. of pyridoxine hydrochloride, 
66.0 mg. of niacin, 16.6 mg. of calcium pantothenate, 0.50 mg. of biotin, 0.44 mg. of 
folic acid, 0.02 mg. of vitamin B,». 5 drops of halibut liver oil were administered 
each week by a dropper. 

8 Nutritional Biochemicals Corporation, Cleveland, Ohio. 

4 Beef chuck that was purchased at a local meat market, trimmed of excess fat, 
and roasted in an electric roaster. The roasted meat was then ground in a meat 
grinder, dried 24 hours in hot air driers, and ground in a Wiley mill. 
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| results, presented in Table II, were obtained. 1 hour after feeding casein, 
= an increase in the concentration of all amino acids measured occurred in 
en 

TABLE I 
Concentration of Amino Acids in Blood Plasma afler Feeding Zein to Dog 102 
‘ The figures are in micrograms per ml. of plasma. 
ing — 
1in- 0 hr. 1 hr. 2.5 hrs. 5 hrs. 
(9) Amino acid — 
ig Portal | Radial | Portal | Radial Portal Radial | Portal | Radial 

90; vein vein vein vein vein vein vein vein 
2] 

d Arginine. . . 40.2 | 28.7 | 20.7 | 17.4 | 14.3 | 13.3 | 21.8 | 19.5 

” Histidine ey 8.5 8.1 7.9 7.5 6.7 9.3 7.0 
fed Isoleucine 19.0; 89 5.3) 21) 24, 2.0) 9.4}| 5.9 

eeft Leucine 23.3 12.9 14.6) 8.1) 10.1, 7.9 | 23.1 | 14.4 
ime Lysine 27.5 | 17.6 | 13.2} 11.2) 9.9, 7.7) 10.1) 6.9 
on- Methionine 8.8 4.8 3.6 3.0 2.2 2.0 4.3 4.2 
Tas Phenylalanine 12.6) 86) 8.7 5.1) 65, 4.5) 12.4) 9.3 
sam Threonine 31.5 26.5 23.5 22.4117.4 16.7 | 20.3 | 18.5 
vere Tryptophan 15.3 | 15.6 12.9 12.7 10.2 10.7 15.2; 14.5 
the Valine 244.3 16.1,11.9 6.5 3.7 2.0 11.1 10.9 
the 
n of TaB.e II 
omy, Concentration of Amino Acids in Blood Plasma after Feeding Casein to Dog 
The 

102A 

ood The figures are in micrograms per ml. of plasma. 
low | 
ave } 0 hr. 1 hr. 2.5 hrs. 5 hrs. 
aid Amino acid ‘Camas 
‘ime | Portal | Radial| Portal | Radial Portal Radial | Portal Radial 
cids vein vein vein vein vein vein vein vein 
fter Arginine. . . .. 29.6 | 29.9 | 37.4 30.1 33.2 | 24.9 30.7 | 21.7 
' Histidine 6.4{ 6.8 | 18.4 9.5 | 16.4 | 10.5 | 14.6 | 11.4 
tion Isoleucine. 9.0) 8.8 | 41.1 12.4 26.2 24.0 19.5 10.5 
rom Leucine. . 10.4 | 10.6 | 44.6 | 14.7 | 30.8 | 14.4 | 24.4 | 17.3 

rds. Lysine... 10.7 | 12.0 | 34.5 | 18.9 30.0 16.3 | 25.9 | 20.1 

the Methionine 74% 2242 9.0 | 16.9 | 10.8 | 15.3 | 13.1 

Phenylalanine 7.4] 8.1 | 27.0 | 10.9 | 21.5 | 9.9 | 17.4 | 13.6 
Threonine... . 21.2 | 24.7 | 38.4 | 26.6 | 30.4 | 22.4 | 32.1 | 21.4 

ig. of Tryptophan 15.2 | 16.4 | 24.6 | 20.8 | 22.7 | 15.9 | 22.1 | 21.3 

ride, Valine... 12.4 | 11.8 | 44.4 | 17.6 | 33.8 | 18.0 | 32.1 | 22.8 

ig. of 

tered , } 

the blood plasma from the portal and radial veins. Since these same re- 
sults have also been observed previously, it appears that there is a differ- 

; 7 ence in the absorption of amino acids after feeding zein and casein. 
mea . . » ° . ° 

Preliminary studies have been conducted in which casein was fed at a 
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concentration of 16 per cent of the ration and zein at 32 per cent. An in. 
crease in the concentration of amino acids was noted 0.5 hour after feeding 


Tas.e III 
Concentration of Amino Acids in Blood Plasma after Feeding Beef to Dog 103 
The figures are in micrograms per ml. of plasma. 


0 hr. 1 hr. 2.5 hrs. 4.5 hrs. 6 hrs. 


Amino acid 
Portal Radial Portal Radial Portal Radial | Portal Radial Portal Radial 


vein vein vein vein vein vein vein vein vein vein 
Arginine. ......| 17.8 | 16.5 | 26.0 | 16.6 | 43.2 | 24.0 | 32.3 | 31.1 | 23.4 | 19.7 
Histidine....... | 7.5) 7.6 | 12.2] 8.2 | 18.9 | 11.2 | 15.4 | 10.4; 7.9} 7% 
Isoleucine. ..... | 8.5 | 6.5|19.7| 9.1| 39.9| 12.5 | 27.7| 18.0 | 13.2 Bie 
Leucine........| 7.5 | 10.8 | 21.5 | 14.3 | 45.5 | 20.3 | 30.0 21.8 | 12.2 | 11.8 
See 17.1 | 19.4 | 31.6 | 22.2 | 58.5 | 31.7 | 39.6 | 31.7 | 20.0! 19.1 
Methionine. .... 4.3) 3.1) 8.5) 5.7/ 14.4) 7.1 11.6 | 8.3 5.5 | 4.9 
Phenylalanine. .| 7.7 | 7.5 | 13.8 | 8.7 | 27.0 | 10.3 | 15.6) 9.6| 8.7] 84 
Threonine... .. 7.3] 7.3) 14.5] 8.7 | 24.3 | 12.4 | 23.4 | 16.5 | 13.4] 11.9 
Tryptophan..... 6.6 | 6.8) 12.2} 8.6 | 16.5 12.8 17.5 | 14.8! 13.9! 11.6 
Valine..... 13.2 | 12.6 | 22.2 | 14.3 | 44.9 | 20.2 | 33.5 | 28.7 | 21.0! 196 


TaBLe IV 
Concentration of Amino Acids in Blood Plasma after Feeding Zein to Dog 108 
The figures are in micrograms per ml. of plasma. 


| | 





0 hr. 1.5 hrs. 4 hrs. | 6 hrs. 
Amino acid mi ue re _—- 

| Portal | Radial Portal | Radial | Portal Radial | Portal Radial 
vein vein vein vein vein vein vein vein 
i——_|__ |_| Bienes, NER ie 
Snare Se | 21.8 | 22.5 | 16.8 | 19.6 | 20.6 | 15.0 | 21.6 | 16.9 
ees eee 10.1] 9.4] 7.4] 7.5! 9.0! 6.9] 8.3] 7.4 
AR | a es 113.9] 11.0! 6.9| 3.8/ 15.7! 6.6] 11.2! 63 
Leucine. ........ ..| 14.6 | 13.7| 18.3 | 8.4/ 58.8 | 25.7 | 31.5 | 26.6 
SE ee ...e...| 22.8 | 283.1 | 14.9 | 15.8 | 13.7 | 13.0 | 12.6 | 12.9 
SE i are ce ere 5.2] 4.9) 3.6] 2.9] 7.3| 4.4] 4.8] 43 
Phenylalanine. ... 7.8) 7.7| 8.1! 5.3) 18.5 8.8] 12.1] 101 
Threonine..... ; -.«| 18.2 133.0{] 9.8) 8.8 | 11.8) 8.0) 6:60) Fe 
Tryptophan...... oes] ee BTS .6| 6.6| 5.5] 6.4] 6.2 
Web 2 F024 0. sees se 20.9] 21.4! 10.3) 9.2 14.0. 8.0} 11.2} 8.7 





casein, while no increase was observed at 1.5 hours after feeding zein. 
Samples of blood in these experiments were withdrawn every 0.5 hour and 
only for 1.5 hours after feeding. 

Dog 103—This was a 20 kilo mongrel dog on which comparative studies 
were made with beef and zein. Dog 103 was maintained on the casein 
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ration discussed previously and was fed the test meal in the usual manner. 
900 gm. of the beef ration were fed 2 weeks after the cannula was inserted 
and the same amount of zein ration 2 weeks later. The results from the 
beef experiment are reported in Table III and those from zein in Table 
IV. By comparing the values in these two tables, it can be observed that 
there is a marked difference among the amino acid concentrations in the 
blood plasma following the ingestion of beef and zein. Samples of blood 
were withdrawn at different times after feeding these two proteins, since 
the increase in the concentration of amino acids in the blood plasma had 
been previously observed to occur much sooner after feeding beef than zein. 

The peak of absorption for the amino acid after feeding beef appears to 
be at 2.5 hours, although an increase in the concentration occurred at 1 
hour. 

There was no significant increase in the concentration of amino acids 
in the blood plasma from the portal vein after feeding zein until 4 hours. 
The concentration of phenylalanine and leucine did increase slightly at 1.5 
hours. The concentration of all amino acids with the exception of lysine 
increased from the 1.5 to 4 hour sample after feeding zein. Isoleucine, 
leucine, and phenylalanine occur in higher concentrations in zein than the 
other seven amino acids and it can be seen that these three amino acids 
show the greatest increase from the 1.5 to 4 hour samples. 

This experiment was repeated on another dog and samples of blood were 
withdrawn at the same times after feeding the two proteins. Essentially 
the same results were obtained; the concentration of most of the amino 
acids remained the same or increased slightly at 1.5 hours, decreased 
slightly at 4 hours, but increased markedly at 6 hours after feeding beef. 
After feeding zein, they decreased markedly at 1.5 and 4 hours but in- 
creased at 6 hours. 


DISCUSSION 


Although the reason for the decrease in the concentration of amino acids 
alter feeding zein has not been determined, it is believed to be due, at least 
in part, to the absorption of carbohydrates before amino acids are liber- 
ated from the protein. Studies have revealed that the non-reducing sugar 
content of the blood increased considerably 0.5 hour after feeding the test 
meals. Munro and Thomson (11) demonstrated that feeding glucose to 
fasting humans lowered the concentration of blood amino nitrogen as well 
as the concentration of the essential amino acids. They also observed 
that fat did not produce this effect. It seems possible that the carbohy- 
drate moiety of the ration containing zein as a source of protein may be 


absorbed before the amino acids, thus causing a decrease in their concentra- 
tion. 
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The concentration of amino acids in the portal vein increased soon afte; 
feeding casein or beef. The increases appeared to be proportional to the 
amounts of amino acids supplied by the protein, indicating similar availabjj. 
ity of the amino acids. 


SUMMARY 


1. The concentrations of amino acids in the blood plasma from the porta! 
vein decreased before showing an increase after feeding zein. The increas 
was proportional to the amounts supplied by the protein. 

2. The concentrations of amino acids in the portal vein increased rapidly 
after feeding beef or casein. Again, this increase was proportional to the 
amounts supplied by the proteins, ‘The amino acids from these two pro- 
teins enter the portal vein within a narrow enough period to allow maximal 
utilization. 
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: the AMINO ACID CONCENTRATION IN THE PORTAL VEIN 
allabil AFTER INGESTION OF AMINO ACID* 
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(From the Department of Biochemistry, College of Agriculture, University of 
Portal Wisconsin, Madison, Wisconsin) 
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rapidly Previously conducted experiments with dogs whose portal veins had been 
to the cannulated (1, 2) revealed that increases in the concentration of amino acids 
YO pto: | in the portal vein after feeding casein or beef were approximately propor- 
1aximal 


tional to the amount supplied by the proteins. On the other hand, the 
concentration of amino acids decreased before showing an increase after 
feeding zein. It has also been observed (2) that, in order to study absorp- 
tion of amino acids from the intestinal tract, samples of blood from the 
98 5) portal rather than from a systemic vein should be analyzed. 

a: Data that have been reported (3-5) indicate that some inhibition in the 
absorption of amino acids may be produced by the presence of other amino 
acids in the intestinal tract. These studies have been concerned with the 
disappearance of amino acids from the intestinal tract after introducing 
; (1951); | imino acid mixtures. The rédle of the other normal dietary components 
in the absorption of amino acids has not been studied. Because of the 
204, 731 | effects of the ingestion of glucose on the amino acid composition of the 
systemic blood (6), carbohydrates may influence the absorption of amino 
acids from the intestinal tract. 

Since Cannon et al. (7) observed that rats failed to grow when fed five of 
the essential amino acids 1 hour and the other five the next, it appears 
that amino acids cannot be stored for a period of even 1 hour in order that 
they may be later utilized. 

Kratzer (8) has observed that the absorption of some amino acids in- 
fluenced the concentration of other amino acids in the blood and that the 
administration of hydrolyzed casein to chicks produced a greater increase in 
the concentration of amino nitrogen in the blood than that caused by the 
administration of the intact protein. 

The experiments reported in this paper were conducted to determine the 
rate and extent of absorption of amino acids from the intestinal tract. when 
given with a complete ration to dogs. The effects of feeding a non-pro- 


|. Chem., 


*Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by grants from Wilson and 
Company, Chicago, Illinois, and the National Live Stock and Meat Board, Chicago, 
Illinois. 
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tein ration on the amino acid composition of the blood plasma from the 
portal vein were also studied. 


EXPERIMENTAL 


It was decided that samples of blood would be withdrawn from only the 
portal vein in these experiments, since analyses of the blood from the radia] 
vein have been shown to be of little value in measuring the absorption of 
amino acids from the intestinal tract (2). In this way a better curve for 
the concentration of amino acids in the portal vein could be constructed 
since more frequent samples could be withdrawn. 

The portal vein of dogs used in these experiments was cannulated ae. 
cording to the method of Denton et al. (2). The dogs were maintained on 
canned dog food! and test meals were fed as described in a previous com- 
munication (2). 

The first experiment was conducted to determine the concentration of 
amino acids in the blood plasma from the portal vein after feeding a ration 
containing amino acids as the source of protein. The ration of Ramasarma 
et al. (9), modified to contain 11 per cent cottonseed oil and the vitamin 
mixture reported previously (1), was used in these experiments. The re- 
sults of experiments carried out on two different dogs are presented in 
Table I. It can be seen that there was an immediate increase in the con- 
centration of amino acids in the portal vein following ingestion of the amino 
acid ration. This increase was followed by a decrease with a subsequent 
increase. By comparing the results from these two experiments, it can 
be observed that essentially the same pattern in the concentration of amino 
acids occurred. In both experiments there were two peaks, one at 1 hour 
and one at 2.5 hours after feeding the ration. The concentration of most 
of the amino acids in the first experiment and a few in the second increased 
at 6 hours. This late increase will be discussed later. In both of these 
experiments an increase in the concentration of phenylalanine was not de- 
tected in the 0.5 hour sample, but a slight increase was observed in the | 
hour sample. The concentration of all the other amino acids increased in 
the 0.5 hour sample except leucine in the second experiment. Variations 
in the growth-promoting properties of amino acid mixtures and intact pro- 
tein may be caused, at least in part, by difference in the time of absorption 
of some of the amino acids when these mixtures are fed. 

In order to determine whether the blood was being diluted during the 
ingestion of the test meals, hemoglobin values were determined in several 
experiments. The values for some of these determinations are reported 
in Table I and show that the concentration remained the same at the peak 
of the concentration curve (1 hour) and at the point of decreased concentra- 


1 Tdeal dog food. 
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tion (2 hours). The concentration of reducing sugars in the second experi- 
ment increased from 121 to 150 mg. per cent from the 1 to the 1.5 hours 
sample, again indicating that a dilution of the blood was probably not 
causing the decrease in the concentration of amino acids to occur. 


TaBLe | 


Concentration of Amino Acids in Blood Plasma from Portal Vein after Feeding 
Amino Acid Mizture 


The figures are in micrograms per ml. of plasma. 


Ohr 0.5 hr 1 hr 1.5 hrs.) 2 hrs. 2.5 hrs.) 3 hrs. | 4 hrs. | 5 hrs 6 hrs 
Dog A 
Arginine. . . 14.7 | 27.5 | 31.8 | 18.6 | 12.8 | 23.9 15.7 | 14.7 | 13.8 | 16.8 
Histidine 5.3 | 8.7) 13.3) 9.9} 8.9] 13.8) 9.8 | 12.1 | 10.6) 9.5 
fsoleucine....... 8.5 11.9] 20.2} 8.9 8.8| 14.6 9.9] 8.3] 7.4) 11.0 
leucine. . ... 10.2 15.9 | 21.8 | 11.6 } 11.4) 6.2] 5.1] 4.4] 9.8 
[yemme......... 4.7 | 22.5 | 32.1 16.0 | 10.6 | 28.6 | 12.9 20.8 | 17.6 | 18.1 
Methionine 0 | 15.0 | 22.8 | 18.2 17.0 | 22.9 19.3 | 18.7 | 16.9 | 27.0 
Phenylalanine 4.7) 7.8) 1.4) $9.2) 9.41 11.6 | 12.6) 22.1 | 19.8 )402 
Threonine. . . 10.7 | 16.4 | 25.1 | 18.2 22.6 | 19.0 | 21.0 | 18.5 | 16.9 
Tryptophan.... 4.4) 7.1 | 88) 7.3) 6.8 7.4) 5.7] 5.9) 5.9) 8.3 
Valine 9.6 | 20.1 | 32.4 | 25.4 | 25.1 | 30.3 | 25.0 | 18.3 | 22.6 | 30.9 
Hemoglobin, %. 11.7 11.9 1.8 11.3 | 11.7 12.3 | 12.7 
Dog B 

Histidine 3.4 7.7 | 20.7 | 14.9 | 13.9 | 22.9 2} 15.1 7.5 | 10.7 
Isoleucine . 5.9 6.5 | 18.5 | 10.2 | 16.4 | 18.5 | 12.2 | 12.9 5.3 8.2 
Leucine. . 8.1 7.5 | 12.3 | 5.8 | 10.2 | 10.6 5.7 6.9 | 3.5| 5.0 
Lysine... 7.1 | 16.0 | 40.8 | 21.9 | 24.8 | 37.8 | 21.6 | 24.2 9.1 | 14.5 
Methionine 5.2 | 9.5] 21.3 | 15.9 | 20.2 | 28.2 | 23.5 | 23.8 | 14.7 | 16.8 
Phenylalanine..| 5.8 5.9 | 10.6) 7.9 16.6 17.2 | 11.4 | 15.8 | 10.7 | 13.0 
Tryptophan....| 5.3 | 7.2| 8.9; 7.4! 9.6; 9.7] 8.0] 11.5] 9.4] 10.1 
Valine..........}| 8.3 | 12.2 | 36.8 | 22.2 | 30.2 | 38.7 | 25.2 | 26.1 | 13.1 | 14.7 


Experiments were conducted to determine whether the first increase in 
the concentration of amino acids was caused by amino acids entering the 
blood from the tissues or from the intestinal tract, since amino nitrogen 
concentration of the tissues has been shown to be higher than in the blood 
plasma (10). A non-protein ration, which had the same composition as 
the one described previously except that sucrose was substituted for the 
amino acids, was fed to dogs and the blood was collected in the usual man- 
ner. Preliminary experiments in which samples were collected every 0.5 
hour for 1.5 hours revealed that there was a decrease in the concentration 
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of all amino acids except tryptophan following the administration of a nop. 
protein ration. The results of a second experiment are presented in Table 
II and reveal that, as observed previously, there was a decrease in the cop. 
centration of all amino acids except tryptophan. The concentration of 
some amino acids, notably arginine and threonine, decreased gradually. 
while isoleucine, leucine, lysine, and valine decreased to extremely |oy 
values. Concentrations of isoleucine, leucine, and valine of between 2 and 
3 y per ml. of plasma could have been detected, while 5 y per ml. would 
have been required for lysine. An increase occurred in the concentration 
of some of the amino acids in the 6 hour sample. The reason for this js 
unknown; however, the increase noted in the 6 hour sample after feeding 


TaBLe II 


Concentration of Amino Acids in Blood Plasma from Portal Vein after Feeding 
Non-Protein Ration 


The figures are in micrograms per ml. of plasma. 


Ohr. |O.5hr. | Lhe. |1.5 hrs.| 2 hrs. | 2.5 hrs.| 3 hrs. | 4 hrs. | 5 hrs. | 6hrs. 
Arginine...... |} 19.8 | 17.1 | 13.0 | 10.8 | 10.3 | 10.6 9.2 | 10.1 | 11.6 | 147 
Histidine. . so] 8.9 3.8 2.9 2.6 2.0 ee 3 2.3 3.3 2.6!) 4.0 
Isoleucine. .| 10.8 | 6.2 No detectable free isoleucine 
Leucine. ... | 13.4 8.9 No detectable free leucine 5.1); 6.8 
Lyeme........| 16.8.) 123.0 | 7.2 No detectable free lysine 
Methionine 6.3} 46] 3.5) 3.2) 2.2; 3.1); 2.5| 1.6) 2.0) 33 
Phenylalanine..| 5.9 4.1, 29 28 2.5 2.6 3.1; 2.4) 3.8) 88 
Threonine..... | 18 | 13.7 | 11.8 | 12.8 | 104 9.4 | 12.2 | 15.5 | 13.6 | 13.7 
Tryptophan....| 7.3 | 11.1 | 9.6 | 10.3 10.4 10.2, 10.2 10.4 15.2) 134 
Valine..........] 14.0 | 18.4] 5.3 No detectable free valine 5.0 


an amino acid mixture may have been enhanced by factors other than the 
absorption of amino acids from the intestinal tract. 

A decrease in the concentration of amino acids in the systemic blood of 
fasting humans after ingestion of glucose has been observed previously by 
Munro and Thomson (6). 


DISCUSSION 


Haas (11) observed two maxima in the curve for nitrogen elimination by 
man after eating breakfast. The first maximum was in the 2nd hour and 
the second in the 5th hour. He concluded from his experiments that the 
first increase in the curve was caused by the removal of nitrogenous end- 
products already in the system which was brought about by the early ab- 
sorption of liquids consumed with the food. This first increase could be 
eliminated if diuresis was first induced which, according to him, removed 
these nitrogenous end-products already in the system. 
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Since a decrease in the concentration of amino acids in the blood plasma 
from the portal vein was observed after feeding a non-protein ration, it 
appears that the absorption of amino acids from the tissues into the blood, 
if any occurred, was insignificant. 

Although a considerable decrease in the curve for the amino acid con- 
centration in the portal vein was observed between two peaks, this does 
not necessarily prove that a decreased absorption from the intestinal tract 
was taking place during that time. Since amino acids in the blood plasma 
are quite dynamic, their concentration at any one time is the result of 
many equilibria. 

Borsook et al. (12) reported that only 3 per cent of labeled amino acids 
remained in the blood of mice 10 minutes after injection. 1 hour after the 
injection their incorporation into visceral proteins and the initial burst of 
oxidation of the amino acids had attained nearly their maxima. Although 
these experiments were conducted by injecting only single amino acids, 
apparently amino acids are removed from the blood quite rapidly even 
though many enter the blood stream at the same time after ingestion of a 
meal. 

The results presented in Table II indicate that the effect of the non-pro- 
tein ration on lowering the amino acid content of the blood plasma occurred 
within the Ist hour after ingestion of a non-protein ration. According to 
the results presented in Table I the amino acids are entering the blood at 
amaximal rate during the Ist hour after feeding the ration and it might be 
expected that the maximal rate of incorporation of these amino acids into 
tissue proteins would follow this increase by a similar period of time noted 
by Borsook et al. after injecting the amino acids. This rapid incorporation 
of the amino acids into tissue proteins would cause a decrease in their con- 
centration in the blood plasma noted in our experiments at 1.5 hours. The 
second increase in the concentration of amino acids in the blood plasma, 
noted at 2 hours, may have been caused by the continued absorption of 
amino acids from the intestinal tract, the tissues being “saturated” with 
amino acids. 

On the other hand, the physiological effects, such as stomach emptying 
time, on the influence of the concentration of amino acids in the blood can- 
not be disregarded. 

It is interesting to note that the concentration of tryptophan in the blood 
plasma increased only a very small amount after feeding the amino acid 
rations. Only a slight increase was observed previously when certain pro- 
teins were fed (1). These increases are not considered to be significant, 
since approximately the same magnitude of increase was noted when a 
non-protein ration was fed. Although only small amounts of tryptophan 
were fed in these experiments, this problem should be given further con- 
sideration. 
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SUMMARY 


1. After feeding a ration in which amino acids served as the source of 
protein, rapid absorption of all amino acids occurred with the exception 
of phenylalanine and possibly leucine. 

2. Two peaks were observed in the concentration curve for amino acids 
in the portal vein following the ingestion of amino acids. 

3. Feeding a non-protein ration caused a decrease in the concentration of 
all amino acids in the blood plasma from the portal vein except tryptophan, 
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DIAMINE OXIDASE AND CADAVERINE METABOLISM* 


By RICHARD W. SCHAYER, ROSA L. SMILEY, anp JEAN KENNEDY 


(From the Rheumatic Fever Research Institute, Northwestern University Medical 
School, Chicago, Illinois) 


(Received for publication, August 17, 1953) 


We have recently presented evidence that diamine oxidase is responsible 
for a portion of the metabolism of histamine in several species (1, 2). This 
evidence is largely based on the alteration of histamine metabolism pro- 
duced by compounds which are known to inhibit diamine oxidase in vitro. 
The inhibitors used were isonicotinylhydrazine (3) and aminoguanidine. 
The latter is reported to be the most powerful inhibitor in vitro known (4). 

In order to investigate further this apparent inhibition of diamine oxi- 
dase in vivo, it seemed desirable to use as a substrate some compound with 
a structure suggesting metabolism by diamine oxidase only. The com- 
pound selected was cadaverine (1,5-diamino-n-pentane). Cadaverine is 
the most frequently used substrate for diamine oxidase in vitro and is re- 
ported to be the compound most readily attacked by diamine oxidase (5). 

We have prepared cadaverine labeled with radioactive carbon and have 
shown that it is largely metabolized by diamine oxidase in mice and rats. 
The action of aminoguanidine and isonicotinylhydrazine in preventing the 
destruction of cadaverine parallels their effect on histamine metabolism. 
This provides further evidence that diamine oxidase is one of the enzymes 
involved in histamine metabolism in rats and mice. 


EXPERIMENTAL 


Isotopic Cadaverine—Cadaverine (1 ,5-diamino-n-pentane), labeled sym- 
metrically in carbon atoms 1 and 5, was prepared by bacterial decarboxyl- 
ation of radioactive lysine! and isolated and purified as the dipicrate, as 
described by Gale (6); m.p. 221° (Gale reported 221°). 


Calculated, C 36.4, H 3.57, N 20.0; found,? C 36.6, H 3.80, N 20.5 


The compound showed a single peak on paper chromatograms. The spe- 
tific activity was 4.3 X 10° c.p.m. per mg. measured in a flow counter. 


*Supported in part by a contract with the United States Atomic Energy Com- 
mission. 

‘pi-Lysine-2-C'* monohydrochloride was purchased from Tracerlab, Inc. The 
wthors are indebted to Dr. Irving Sher of the Johns Hopkins School of Hygiene and 
Public Health for supplying the Escherichia coli B and to Dr. Hutton D. Slade of 
his Institute for growing the bacteria and carrying out the decarboxylation reaction. 

* Analysis by Micro-Tech Laboratories. 
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Metabolism of Cadaverine—When cadaverine labeled in the terminal ear. 
bon atoms was injected into mice, most of the radioactivity was eliminated 
in the expired carbon dioxide. The urine contained an appreciable quan. 
tity of radioactivity, which is principally in the form of unchanged caday- 
erine. However, in mice which had been pretreated with a powerful dia- 
mine oxidase inhibitor, aminoguanidine, very little of the C" of the injected 
cadaverine appeared in the expired carbon dioxide. It was almost all ex- 
creted in the urine. Quantitative results will be presented in a later section, 
Similar observations were made with rats. 

Isotope dilution assay of the urine of a mouse (in which the normal route 
of cadaverine metabolism had been blocked by administration of 5 of 
aminoguanidine per gm. of body weight) showed that before hydrolysis 88 
per cent of the C" in the urine was due to free cadaverine and that after 
hydrolysis the value was 95 per cent. Considering the accuracy of the iso- 
tope dilution technique used, it is not possible to infer the presence of any 
substance other than cadaverine. A paper chromatogram showed a single 
peak with the Ry value of cadaverine. If conjugation occurs, it is small 
in extent. It must be concluded, therefore, that in the mouse cadaverine 
is metabolized almost exclusively by diamine oxidase. Presumably the 
end-product of diamine oxidase action, 5-aminovaleraldehyde, is readily oxi- 
dized to carbon dioxide via 5-aminovaleric acid. 

Determination of Carbon Dioxide in Expired Air—The major end-prod- 
uct of the labeled terminal carbon atoms of cadaverine is carbon dioxide. 
In order to evaluate the effects of inhibitors on diamine oxidase it was nec- 
essary to devise a method for measuring the rate of radioactive carbon 
dioxide formation applicable to several separate mice simultaneously. As 
the usual method of absorbing carbon dioxide in alkali bubblers is incon- 
venient, the following procedure was adopted. Each mouse was injected 
subcutaneously with the inhibitor to be tested. After 30 minutes the 
mouse received subcutaneously 1 y of C'*-cadaverine per gm. of body weight 
and was immediately placed in a small desiccator,* which was then sealed. 
In the bottom of each desiccator was a small Petri dish containing | gm. 
of sodium peroxide spread uniformly over its surface. Over the small 
dish was a larger Petri dish mounted on a wire support, which protected 
the sodium peroxide from urine, but permitted free access to the air of the 
closed desiccator. The mouse was confined to the upper portion of the 
desiccator by a perforated plate. Sodium peroxide reacts with carbon di- 
oxide to form sodium carbonate and liberate a 0.5 m quantity of oxygen; 
it also reacts with water vapor to form sodium hydroxide and a 0.5 M quan- 
tity of oxygen (7). During the 4 hour collection period the mouse showed 


3 The desiccators were 160 mm. in diameter; Arthur H. Thomas Company, No. 
4439-B. 
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no signs of discomfort. For assay, the contents of the small Petri dish 
were dissolved in water, a suitable aliquot was taken, and barium carbo- 
nate was precipitated and counted in the usual way. 

Since the oxygen and carbon dioxide content of the air in the desiccator 
is not known, the values obtained do not necessarily represent the true 
physiological rate of oxidation of cadaverine. They are interpreted only 


TABLE I 


Bffect of Diamine Oxidase Inhibitors on Rate of Formation of CO. by Mice* Injected 
Subcutaneously with Labeled Cadaverine (1 y per Gm.) 


Inhibitor injected subcutaneously 30 minutes before cadaverine. 


Concentration | Per cent injected C' in COz in 4 


Inhibitor of hrs. (values from individual Average 
inhibitor mice) 

Y per gm. per cent 
None. ... 27, 32, 33, 38, 41, 42 36 
Aminoguanidine 0:05 17, 19, 19, 35 23 
- 0.1 6.9, 13, 21, 23 16 

” , ; 0.5 3.1, 5.1, 5.8, 8.1 5.4 

si re 2.0 1.2, 2.4, 2.5, 2.8 2.2 

“4 sd 5.0 0.8, 1.8 1.3 

“ 10 1.4, 3.9 2.7 
lsonicotinylhydrazine 3.0 34, 42 38 
‘de 10 17, 20, 25, 27 22 

sa 25 9.7, 9.9 9.8 
Agmatine . 100 33, 36, 39 36 
“4 200 17, 21, 22 20 
- 400 8.2, 12 10 


* Normal rats injected subcutaneously with 1 y of C'4-cadaverine per gm. of body 
weight expired in 2 hours as C'*O, an average of 17 per cent of the injected C4. A 
dose of 1 y per gm. of aminoguanidine reduced this value to 0.7 per cent; 5 y per gm. 
of aminoguanidine reduced it to 0.5 per cent. 


as readily reproducible, but possibly abnormal, values from which varia- 
tions caused by diamine oxidase inhibitors could be observed. 

Effect of Inhibitors on Diamine Oxidase in Vivo with Cadaverine As Sub- 
strate—The ability of substances to inhibit diamine oxidase was evaluated 
by measuring the change in rate of C“O» production from C™-cadaverine. 
The techniques employed are given in the previous paragraph. Three in- 
hibitors were tested: aminoguanidine, isonicotinylhydrazine, and agma- 
tine. The first two have already been discussed. Agmatine (4-guanidino- 
i-butylamine) is formed by decarboxylation of arginine. It is a substrate 
{diamine oxidase and in sufficiently high concentrations becomes an in- 
hibitor in vitro (5). Results are shown in Table I. 
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DISCUSSION 


The inhibitors of diamine oxidase in vitro, aminoguanidine and isonieo- 
tinylhydrazine, which inhibit one of the enzyme systems involved in hista- 
mine metabolism, have been shown to block the metabolism of cadaverine, 
a model substrate for diamine oxidase. This provides strong evidence that 
diamine oxidase is one of the enzyme systems involved in the metabolism 
of histamine in ratsand mice. An enzyme system other than diamine oxi- 
dase also appears to be of major importance in histamine metabolism jn 
most species tested; this enzyme has no part in cadaverine metabolism. 

As observed in the case of histamine metabolism, aminoguanidine js q 
far more powerful diamine oxidase inhibitor than is isonicotinylhydrazine, 
Agmatine is a poor inhibitor in vivo, probably, in part, because it is also a 
substrate of diamine oxidase. 


SUMMARY 


1. A method is described for measuring the rate of formation of radio- 
active carbon dioxide in several separate animals simultaneously. 

2. Radioactive cadaverine has been synthesized as a model substrate for 
diamine oxidase studies in intact animals. No evidence has been found 
that any enzyme other than diamine oxidase plays a significant réle in its 
metabolism. 

3. Aminoguanidine and isonicotinylhydrazine, inhibitors in vitro of dia- 
mine oxidase, block the metabolism of cadaverine. Since previously these 
substances have been shown to inhibit one of the enzymes involved in his- 
tamine metabolism, it is concluded that this histamine-metabolizing en- 
zyme is diamine oxidase. 
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SUPPRESSION OF HEPATIC CHOLESTEROL SYNTHESIS 
IN THE RAT BY CHOLESTEROL FEEDING* 


By IVAN D. FRANTZ, Jr., HENNY 8S. SCHNEIDER, 
AND BEVERLY T. HINKELMAN 


(From the Cardiovascular Research Laboratory, Depariment of Medicine, Massachusetts 
General Hospital and Harvard Medical School, Boston, Massachusetts) 


(Received for publication, August 13, 1953) 


Gould and Taylor (1, 2), working with slices and with intact animals, 
have shown that addition of cholesterol to the diet of the dog or the rabbit 
causes a depression of synthesis of cholesterol in the liver. Using the slice 
technique, we have investigated this phenomenon in the rat, with and 
without destruction of the thyroid gland by means of radioactive iodine. 


EXPERIMENTAL 


Two dozen Sprague-Dawley male rats, 5 weeks old, were used. Half 
were given intraperitoneal injections of 500 uc. of I“teach. After 11 weeks 
on a diet of Purina laboratory chow, blood was withdrawn from the tail 
of each rat for determination of protein-bound iodine on pooled samples 
by the method of Barker (3). 2 weeks later 1 per cent of cholesterol was 
added to the diet of six of the normal rats and six of the rats which had 
received radioactive iodine. The cholesterol was added by dissolving it in 
ether and allowing the solution to dry after being poured over the pellets 
of food. 1 day to 5 weeks later, rats were killed by fours, one from each 
group. Prior to decapitation, blood was drawn from each rat for deter- 
mination of total serum cholesterol by the revised Schoenheimer-Sperry 
method (4). Liver slices were cut, and duplicate incubations for each rat 
were carried out under the conditions described in Table I, in the presence 
of C“-carboxyl-labeled sodium acetate. After 3 hours, the slices from 
each vessel were sealed in a test-tube with 2.5 cc. of 15 per cent KOH in 
95 per cent ethanol. After hydrolysis for 16 hours in boiling water, 2.5 
cc. of water were added to each tube, and cholesterol was extracted for 3 
hours with petroleum ether (b.p. 30-60°) in a liquid-liquid continuous 
extractor. The extract from each tube was evaporated to dryness, and 
the residue was dissolved in 3 cc. of 1:1 acetone-absolute ethanol. The 
solutions were filtered, and the cholesterol was precipitated by addition of 
an excess of a 0.5 per cent solution of digitonin in 50 per cent ethanol. 


* This work was supported in part by a research (No. H-978 (C2)) grant from the 
National Heart Institute, United States Public Health Service, and in part by 
anonymous donors. 
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After at least 3 hours, the precipitates were filtered on Whatman No. 59 
filter paper and counted, as previously described for BaCO; (5). The 
results were corrected for self-absorption to a thickness of 4 mg. spread 
over the 3.7 sq. cm. area (approximately the amount of cholesterol digi- 
tonide usually obtained from 0.5 gm. of slices from a normal rat liver), 
After being counted, the samples were dried over P2O;, scraped from the 
filter paper, and weighed. 

As a test of the efficacy of this method of recovery of cholesterol from 
tissue, quadruplicate analyses were carried out on a hydrolysate of liver 
from a rat which had been given a dose of C'-acetate intraperitoneally, 
The 3 hour extract was treated as usual, and the extraction was continued 
for an additional 4 hours with fresh petroleum ether. Carrier cholesterol 
(1 mg.) was added to the second extract, and samples for counting were 
prepared for comparison. The radioactivity of the cholesterol digitonide 
from the initial 3 hour extraction was as follows: 562, 561, 544, 561 net 
c.p.m.; from the additional 4 hour extraction, 5, 11, 6, 6 net c.p.m. This 
experiment indicates that the 3 hour extraction used for removal of choles- 
terol from the hydrolysates of the slices probably removes about 98 per 
cent of the cholesterol and is reproducible within a range of about 4 per 
cent. 

At the time the slices were cut, an additional 1 gm. sample of liver tissue 
was homogenized and brought to a volume of 5 cc. with water. Aliquots 
were taken for determination of total nitrogen by the method of Ma and 
Zuazaga (6) and of total cholesterol by the Schoenheimer-Sperry method 
(4). Although Table I and Figs. 1 to 3 show concentrations of liver choles- 
terol in mg. per 100 gm. for comparison with the values for serum, the 
figures were actually calculated per 3.2 gm. of nitrogen, which is the aver- 
age value that we obtained for 100 gm. of wet tissue. This method of 
calculation eliminates variations which would otherwise be introduced in 

‘the weighing of wet tissue. 

In the calculation of the percentage of acetate carbon incorporated into 
cholesterol, a correction was likewise applied, based on the weight of 
cholesterol digitonide actually counted and the cholesterol to nitrogen 
ratio of the liver from which it was derived. This correction eliminates 
errors from the weighing of the slices prior to incubation and from the im- 
possibility of quantitatively removing the tissue from the vessel after 
incubation. 


Results 


In Table I are summarized the serum and liver cholesterol levels of 
each of the four groups, the percentage of the added radioactive carbon 
recovered as cholesterol, the relative isotope concentration of acetate added 
and cholesterol recovered, and the protein-bound iodine of the serum. 
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. 0 TABLE I 

The Dependence of Hepatic Cholesterol Synthesis on Diet, Thyroid Activity, and Serum 
read and Liver Cholesterol Levels 

ligi- Protein- Average Cholesterol | : Relative 
er), Thyroid Diet bound body Per cent _isotope 

) iodine weight : x | conversion concentra- 
the Serum Liver | tion 

pm ent gm. "Ibo ce. a= | per cont 
rom | Normal Normal | 3.6 | 359 624 772484 5f\0.64 40.12) 1.30 
Iver “ High 2.8 340 | 79 + 4 649+ 87 (0.042+0.013 0.032 
ally. choles- 
ued terol 
erol Damaged | Normal 0.5 243 88 +5 2154+ 8 (1.04 + 0.15 2.41 
‘ a High 0.8 245 118 + 8 704+ 100 0.036 + 0.009 0.026 
— choles- | | 
ride terol 
net = eee See ee ee = , — 
"his Each vessel contained 3.7 ec. of Krebs-Ringer phosphate solution, 2.5 mg. of C'- 
les- carboxyl-labeled sodium acetate (272,000 c.p.m. if counted at a thickness of 4 mg. 

: spread over an area of 3.7 sq. cm.), and 0.5 gm. of liver slices, approximately 0.5 
and mm. in thickness. Temperature 37°; pH 7.4; time of incubation 3 hours; shaking 
per rate 120 oscillations per minute; atmosphere 100 per cent oxygen. 

* (Counts per minute per mg. of cholesterol recovered X 100)/(counts per minute 
sue per mg. of sodium acetate added). 
Lots t Standard error of the mean. Each figure represents an average from six rats. 
wid Each incubation was carried out in duplicate. 
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Jed Figs. 1 anp 2. Relation between cholesterol content of serum and liver in rats 
1m. with normal and with damaged thyroid glands, respectively. 
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It appears that, under our experimental conditions, feeding cholestery| 
alone to a normal rat produced only a minimal rise in the concentration of 
blood serum cholesterol, although the concentration of liver cholester| 
rose considerably. The serum cholesterol of the rats with severely damaged 
thyroid glands rose slightly on a normal diet and to a greater extent with 
cholesterol feeding. The percentage of the added acetate converted to 
cholesterol was depressed to about 7 per cent of the control value in the 
cholesterol-fed animals and to an even greater extent in those fed choles. 
terol after thyroid damage. When the results are expressed in terms of 
relative isotope concentrations, the effect of cholesterol feeding appears 
still greater. 
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LIVER CHOLESTEROL IN MG. % 
Fig. 3. Ability of liver slices to convert acetate to cholesterol, as a function of 
the concentration of cholesterol in the liver. 


Figs. 1 and 2 show the relation between the cholesterol levels of blood 
serum and liver. The concentration of cholesterol in the serum remained 
nearly constant over a rather wide range of concentrations in the liver, 
both in the normal animals and in those with damaged thyroids. 

In Fig. 3 the logarithm of the percentage conversion of acetate to choles- 
terol for each incubation is plotted against the cholesterol content of the 
liver. Despite a considerable scatter of the points, an inverse relationship 
is apparent. Since the rats with highest liver cholesterol levels had been 
on the diet for the longest periods, a time factor as well as the concentra- 
tion of cholesterol may have contributed to the production of these large 
effects. 


DISCUSSION 


Maloof, Dobyns, and Vickery (7) have demonstrated the effectiveness 
of the method used in these experiments for production of damage to the 
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thyroid glands of rats. They found that 48 days after administration of 
300 uc. of I the thyroid was virtually obliterated and replaced by scar 
tissue. ‘The lowered rate of weight gain and the reduced concentration of 
protein-bound iodine in the blood, as shown in Table I, provide further 
evidence of hypothyroidism in our animals. 

The relative constancy of the concentration of serum cholesterol, despite 
large differences in the cholesterol content of the liver, suggests the exis- 
tence of a homeostatic mechanism. The liver appears to act as a buffer 
for the serum cholesterol. If large amounts of cholesterol are absorbed 
from the intestinal tract, most of it is quickly removed from the blood by 
the liver. As the cholesterol content of the liver rises, synthesis is de- 
pressed, and the rise in total body cholesterol is thereby also minimized, 


SUMMARY 


1. Rats fed a diet to which had been added 1 per cent of cholesterol 
showed a large rise in the concentration of liver cholesterol, but only a min- 
imal rise in the concentration of serum cholesterol. 

2. The serum cholesterol concentration of rats with damaged thyroid 
glands was slightly higher than that of the controls, even on a normal 
diet. After cholesterol feeding, the rise was greater than in the animals 
with normal thyroid glands. The liver cholesterol rose at least as much 
after cholesterol feeding as in the rats with normal thyroids. 

3. The action of the liver could be viewed as that of a buffer for the 
serum cholesterol. 

4. The rate of hepatic cholesterol synthesis appeared to depend on the 
liver’s cholesterol content and to be very sensitive to it. 

5. There was no evidence that inhibition of cholesterol synthesis by 
dietary cholesterol is mediated through the thyroid gland; synthesis was 
inhibited to at least as great an extent in animals which had received 
radioactive iodine as in normal rats. 
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THE INCORPORATION OF THE CARBOXYL CARBON FROM 
ACETATE INTO CHOLESTEROL BY RAT LIVER 
HOMOGENATES* 


By IVAN D. FRANTZ, Jr., ann NANCY L. R. BUCHER 


With THE AssISTANCE OF HENNY S. ScHNEIDER, Naomi H. McGovern, 
AND Ruts KinGston 
(From the Cardiovascular Research Laboratory, Department of Medicine, Harvard 
Medical School, and the Medical Laboratories of the Collis P. Huntington 
Memorial Hospital of Harvard University at the Massachusetts 
General Hospital, Boston, Massachusetts) 


(Received for publication, August 17, 1953) 


It is well known that the digitonin precipitate from the non-saponifiable 
fraction of tissue lipides contains substances other than cholesterol. The 
importance of this fact for isotopic studies of cholesterol synthesis has been 
emphasized by Schwenk and Werthessen (1). Working with C-labeled 
material synthesized from acetate by organ perfusions, they have shown 
that the cholesterol is accompanied by substances of considerably higher 
specific activity. A single passage through the dibromide reduced the 
specific activity of various samples by 50 to 84 per cent. 

Bucher and coworkers (2, 3) have recently reported the incorporation of 
Clabeled acetate into a digitonin-precipitable material by cell-free prepa- 
rations of liver. The present studies provide evidence that this newly 
formed radioactive substance is predominantly cholesterol, unaccompanied 
by significant quantities of impurities. Certain variables are described 
which affect the rate of labeled cholesterol formation by these cell-free 
homogenates, and some of the conditions necessary for maximal C"™ in- 
corporation are defined. 


EXPERIMENTAL 


Animals—Female rats of the Wistar strain, weighing approximately 
200 gm., were used throughout. They were sacrificed by decapitation. 

Preparation of Tissue—The livers were excised rapidly, chilled on cracked 
ice, and ground gently at 300 r.p.m. for 1 to 14 minutes with 2} volumes of 
medium in a homogenizer of the Potter-Elvehjem type which consisted of 
asmooth glass tube and stainless steel pestle, with a gap of approximately 


* This is Publication No. 801 of the Cancer Commission of Harvard University. 
This investigation was supported in part by a research grant (No. H-978(C2)) from 
the National Heart Institute, United States Public Health Service, and in part by 
grant No. C4F and an institutional grant from the American Cancer Society to the 
Massachusetts General Hospital. 
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0.5 mm. between pestle and tube.'| Unbroken cells and tissue débris were 
eliminated by centrifugation at 500 X g for 10 minutes. This entire pre- 
parative process was carried out at 0°. 

Incubation Mixture—The homogenization medium consisted of potas. 
sium phosphate buffer, magnesium chloride, and nicotinamide. Diphos. 
phopyridine nucleotide (DPN) and labeled acetate were added to aliquots 
of the homogenate supernatant fluid prior to incubation, which was carried 
out in a Dubnoff shaker under 100 per cent oxygen at 37° for 2 hours. All 
incubations were run in duplicate. 

Extraction of Cholesterol—After incubation the mixture was rinsed into a 
Pyrex test-tube with water, and an equal volume of trichloroacetic acid 
was added. Following centrifugation, the supernatant fluid was discarded, 
and 6 ml. of 15 per cent alcoholic KOH and 0.8 mg. of carrier cholesterol 
in 95 per cent alcohol were added to the precipitate. The tubes were 
sealed, and subsequent hydrolysis, petroleum ether extraction, and pre- 
cipitation of cholesterol were carried out as previously described (4), 
Samples were counted as the solid digitonide (4). 

Protein Content of Incubation Mixture—The amount of homogenized 
liver actually present in the homogenate supernatant solution varied 
slightly from one experiment to another because the quantity of unbroken 
cell débris discarded was not always the same. As an index of the tissue 
present in the incubation mixture, the protein content of the homogenate 
supernatant fluid was determined on duplicate aliquots as follows: The 
proteins were precipitated with an equal volume of trichloroacetic acid, 
the nucleic acids and lipides were extracted from the precipitate after 
centrifugation (5), and the protein residues were quantitatively rinsed into 
tared aluminum foil dishes with acetone and dried to constant weight at 
100°. 

_ Examination of Sterol Fraction Recovered As Digitonide for Identity and 
Purity—4 ml. of a homogenate of rat liver were incubated under the above 
conditions with 1.74 mg. of C“-carboxyl-labeled sodium acetate containing 
a total of 3.26 X 10’¢.p.m. Hydrolysis with alcoholic KOH and extraction 
with petroleum ether were carried out as previously described (4). After 
evaporation of the petroleum ether, the residue was dissolved in 25 ml. 
of 1:1 acetone-absolute ethanol. 20 mg. of cholesterol (purified via the 
dibromide) were dissolved in this solution, and 15 ml. of 0.5 per cent digi- 
tonin in 50 per cent ethanol were added. The digitonide was split (6), 
and the ether-soluble fraction was dissolved in acetone. An additional 2 
gm. of purified cholesterol were added as carrier. The following procedures 


1 Use of the stainless steel pestle was suggested to us by Dr. R. G. Langdon and 
Dr. K. Bloch. 
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were carried out to test the hypothesis that the radioactivity was present 
as cholesterol : (a) fractional crystallization, (b) passage through the acetate, 
(c) passage through the dibromide, and (d) a solubility curve. As a test 
of the efficacy of these procedures, three of them were applied to a mixture 
containing approximately 95 per cent non-radioactive cholesterol and 5 per 
cent C-labeled cholestanol, a substance commonly accepted as one of 
the most difficult to separate from cholesterol. The labeled cholestanol 
was prepared by catalytic hydrogenation at room temperature and at- 
mospheric pressure from C'*-cholesterol obtained from liver slices incubated 
with labeled acetate. The cholesterol was acetylated prior to hydrogena- 
tio. ‘The catalyst used was 10 per cent palladium on charcoal. 

Acetylations were carried out in pyridine solution at 0°. 

Brominations were performed by the method of Schoenheimer (7), ex- 
cept that the dibromide was not recrystallized, a modification recommended 
by Schwenk and Werthessen (1). Schoenheimer’s directions for recovery 
of the cholesterol, involving reduction with sodium iodide were followed (7). 

In the experiments on cholesterol purity, heavier samples, about 8.8 
mg. of digitonide, were prepared for counting, in order to increase the ac- 
curacy of the weighings. Counts were corrected for self-absorption to a 
standard thickness of 8.8 mg. spread over an area of 3.7 sq. cm. 


Results 
Reproducibility of Methods 


Recovery of Cholesterol from Homogenates by Precipitation with Trichloro- 
acetic Acid—In order to permit extraction of the cholesterol from the entire 
2.5 ml. of homogenate and yet keep the volumes during hydrolysis and 
extraction at conveniently small values, the cholesterol was concentrated 
by precipitation of the proteins and lipides with trichloroacetic acid, as 
stated above. To determine the validity of this procedure, quadruplicate 
analyses were carried out on a radioactive homogenate, with and without 
prior precipitation with trichloroacetic acid, with the following results: on 
hydrolysates of unaltered homogenate, 46.9, 45.7, 47.9, 46.7 net c.p.m.; 
on hydrolysates of trichloroacetic acid precipitates, 41.2, 44.0, 41.9, 41.9 
net¢.p.m. These results indicate that about 90 per cent of the cholesterol 
is carried down with the precipitate. 

Protein Content of Homogenates—The duplicate determinations of protein 
dry weight agreed with a standard deviation of +0.9 per cent. The equiva- 
lent fresh weight of liver was found to be approximately 5 times the protein 
dry weight. In most experiments the incubation mixture contained ap- 
proximately 200 mg. of fresh liver (40 mg. of protein, dry weight) in a total 
volume of 2.5 ml. 
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CHOLESTEROL FORMATION IN HOMOGENATES 


Factors Affecting Rate of Incorporation 
Composition of Incubation Mixture—The results of omitting the various 
components of the incubation mixture singly or in combination are sum. 
marized in Table I. In the absence of added MgCl. or nicotinamide the 


TABLE I 
Effects of Omitting Various Components of System on Incorporation of Acetate 
Carboxyl Carbon into Cholesterol 


} Complete Altered 





Experiment/Acetate x 10 mitrestems Component omitted Ph eer Altered, 
misao | incorpo- incorpo- Control 
rated*t ratedt 
63 | 0.8 0.133 MgCl. 0.0083 6 
65 0.8 0.0488 " 0.0037 Ss 
100 12.0 0.394 a 0.0154 4 
58 0.8 0.0610 DPN 0.0316 52 
60 0.8 0.0725 a 0.0329 45 
65 0.8 0.0488 - 0.0129 26 
86 5.8 0.114 7 0.0264 23 
87 12.0 0.383 . 0.151 39 
61 0.8 0.187 Nicotinamide 0.0271 15 
106 12.0 0.459 - 0.0280 6 
58 0.8 0.0610 Nicotinamide + DPN 0.0005 0.8 
61 0.8 0.187 a iia 0.0011 0.6 
86 5.8 0.114 i Pouce 0.0000 0.0 
87 12.0 0.383 “se . a 0.0000 0.0 
106 12.0 0.459 + * 0.0046 1 


* The complete system, prepared and incubated as described in the text, con- 
tained the following in a volume of 2.5 ml.: homogenate supernatant fluid; potassium 
phosphate buffer, pH 7.4, 0.08 mM; magnesium chloride, 0.0048 mM; nicotinamide, 0.03 
M; DPN, 0.0008 m; and acetate-1-C" in the molarities shown in the second column. 

t The acetate incorporation is expressed as microgram atoms of acetate carboxy] 
carbon incorporated into cholesterol per gm. of fresh tissue per hour (2). 

t The incorporation obtained with the complete system is regarded as 100 per 
cent. The effects of omitting components of the system singly, or in combination, 
are expressed in the last column as per cent of the activity in the complete system. 


activity was very low, and in the absence of both nicotinamide and DPN 
it was reduced to near zero. In the presence of nicotinamide, omission of 
supplementary DPN dropped the incorporation to approximately 25 to 
50 per cent of the maximum obtained with the complete system. 

The effects of varying the concentration of MgCl. are shown in Fig. 1, 
of nicotinamide in Fig. 2, and of DPN in Fig. 3. 

The pH curve is shown in Fig. 4. It is recognized that the buffer 
strength employed in these experiments was inadequate to maintain the 
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Fic. 1. Effect of Mg** concentration on incorporation of acetate carboxyl carbon 
into cholesterol, expressed as in Table I. Conditions as for the complete system 
with 0.012 m acetate as stated in Table I, except that MgCl. was omitted from the 
homogenizing medium and added afterwards. 

Fic. 2. Effect of nicotinamide concentration on incorporation of acetate carboxyl 
carbon into cholesterol, expressed as in Table I. Conditions as for the complete 
system with 0.012 m acetate as stated in Table I, except that nicotinamide was 
omitted from the homogenizing medium and added afterwards. 
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Fig. 3 Fia. 4 
Fic. 3. Effect of DPN concentration on incorporation of acetate carboxyl carbon 
into cholesterol, expressed as in Table I. Conditions as for the complete system 


with 0.012 m acetate as stated in Table I, except that the DPN supplement was 
varied as shown. 


0 62 64 66 68 70 72 74 76 78 
pH 


Fig. 4. Effect of varied pH upon the incorporation of acetate carboxyl carbon 
into cholesterol, expressed as in Table I. The initial and final pH is shown for each 
point. The average pH during the 20 minute incubation period is plotted. The 
homogenate was prepared in the usual way and preincubation pH adjustments were 
made by addition of small volumes of KOH or HCl. Other conditions as in the com- 
plete system with 0.012 m acetate, as stated in Table I. 
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pH of these concentrated homogenates at a constant level. Hlowever, ap 
increase in phosphate concentration, or addition of another buffer (bi- 
carbonate or imidazole), also failed to maintain the level during the 2 hour 
incubation period. Accordingly, to minimize the drop, the incubation 
period was shortened to 20 minutes. The optimal pH range appears to 
lie between 6.8 and 7.2. Because of the drop during incubation the may- 




















i i me ee 
Sr = 
T T T T T T ' | jt 
Br . 
- J 
ow An 4 
= 5+ : nat al, 
ie ty | 
2 at 4 25+ 4 
w 1@) 
= 3t ‘ q Ar 1 
= . 3b J 
< 2+ - #7 
. 29 : 
© 
— Fy 7 | a 
4 l 1 1 1 1 1 l i a a 
(0) 20 40 60 80 O | 2 3 4 
MG. PROTEIN DRY WEIGHT HOURS 
Fig. 5 Fia. 6 


Fig. 5. Effect of tissue concentration on the incorporation of acetate carboxyl 
carbon into cholesterol, expressed asin Table I. A concentrated homogenate (1:1.5) 
was prepared. Different amounts of homogenate supernatant fluid were pipetted 
into each pair of incubation vessels, all being made up to a final volume of 2.5 nl. 
with the homogenizing medium. Other conditions were as in the complete system 
with 0.012 m acetate, as stated in Table I. The tissue concentration is expressed in 
terms of dry weight of protein. 

Fic. 6. Amount of acetate carboxyl carbon incorporated into cholesterol, ex- 

‘pressed as in Table I, at different time intervals. Conditions as in the complete 
system with 0.012 m acetate, as stated in Table I. 


mal incorporation in 2 hours was obtained when the pH of the buffer was 
initially 7.4 to 7.6. 

The effect of varying the amount of tissue in the incubation mixture is 
shown in Fig. 5. Homogenates made in the manner described above often 
differ in activity from one preparation to another; the curve shown is 
representative, but not necessarily characteristic of all homogenates tested. 
In all instances higher activities were found at high tissue concentrations, 
and negligible activity in dilute preparations, but the concentration at 
which the curve became flat varied. 

Time of Incubation—The amount of acetate incorporated after various 
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intervals of time is shown in Fig. 6. After a slight initial lag, the rate was 
nearly linear for the first 2 hours and did not deviate greatly even after 
4 hours. 

Oxidation of Acetate to CO.—The effect of increasing the acetate concen- 
tration upon the amount of acetate oxidized to CO, and upon the amount 
of acetate incorporated into cholesterol is shown in Fig. 7. The incor- 

















a | ' ! 1 ' 
> S 
x 35P 7 © 
aS b 
cr. 46 _ oH 
Se SS 
ap) 45 Dw 
W us" Do 
<5 42% 
a 4% 7 > 
6° —-* 
a _ 
me % vine 
ro) Jo Om 
nz: oO 
s oO n © 
5 2 > 
Eo! 1' @ 
< 
" lL 1 l l l o 
-— @ io ZO mw 4 3 “s 


JUM. OF ACETATE ADDED 

Fic. 7. Effect of increasing concentrations of acetate upon amount of acetate 
carboxyl carbon incorporated into cholesterol, expressed as in Table I, and amount 
oxidized to CO». Conditions as for the complete system in Table I except that in- 
creasing amounts of acetate were added. Incubation was carried out in Warburg 
vessels with KOH in the center well to trap CO. which was afterwards removed 
quantitatively by repeated washings and precipitated as BaCO; for counting. The 
counts obtained were corrected to the same thickness that was used for counting 
acetate by an empirical factor. From the percentage of the total radioactivity in 
the CO. and ‘the initial amounts of acetate added, the amount oxidized was calcu- 
lated. Similar calculations were made for cholesterol. The broken curve repre- 
sents microgram atoms of acetate carboxyl carbon oxidized to CO; the solid curve, 
microgram atoms of acetate carboxyl carbon incorporated into cholesterol. 


poration curve reached a plateau at an acetate concentration of 8 to 12 
X 10-* M, whereas the amount oxidized continued to rise. The optimal 
fraction of added acetate incorporated into the cholesterol of the tissue 
in the vessels during the 2 hour incubation period, on the steep initial por- 
tion of the curve, was 2.7 per cent. At the left edge of the plateau, the 
value had dropped to 1.2 per cent. In terms of the available acetate 
present 20 to 25 per cent was oxidized to CO, in the presence of 8 X 10-*m 
acetate, whereas only 12 per cent was oxidized when the acetate concen- 
tration reached 20 * 10° um. The Qo, (N) was 70 ul. 
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Tests of Identity and Purity of Homogenate Cholesterol 


In three of the following experiments, presentation of the results ob. 
tained with cholesterol from the homogenate is preceded by a description 
of a similar control experiment with an artificial mixture containing ap. 
proximately 5 per cent radioactive cholestanol and 95 per cent non-radio- 
active cholesterol. 

Fractional Crystallization—Table II shows the results when the artificia] 
mixture was subjected to fractional crystallization from acetone. A 
nearly 6-fold difference in specific activity was obtained between the first 
and last crops. The possibility that the high activity of Crop 3 was due 
to a radioactive impurity in the cholestanol is minimized by the agreement 
observed when the ratio of cholesterol to cholestanol was investigated by 
infra-red analysis. The latter results are summarized in Table III. 

Similarly, four crops of crystals were collected from an acetone solution 
containing 2 gm. of cholesterol and the digitonin-precipitable radioactive 
material from a homogenate. The specific activity of the various crops 
is shown in Table IV. A barely significant (6 per cent) increase in activity 
is apparent in Crop 3. Crop 4, constituting only 0.25 per cent of the 
whole, showed a specific activity 17 per cent higher than the average of 
Crops 1 and 2. The solution was evaporated practically to dryness to 
obtain this crop. 

Acetylation—From Crop 2, 160 mg. of homogenate cholesterol were 
acetylated, and the acetate was recrystallized from acetone. 5 mg. were 
dissolved in 2.5 ml. of 1:1 acetone-ethanol, along with 1 mg. of cholesterol. 
Cholesterol digitonide was precipitated. The radioactivity of the pre- 
cipitate was 7.4 net c.p.m., or 0.6 per cent of that present as acetylated 
material from the homogenate. This experiment shows that the radio- 
active compound synthesized by the homogenate behaves like cholesterol 
.in the respect that it is no longer precipitable with digitonin after treat- 
ment with acetic anhydride. Furthermore, after treatment with this 
reagent it is not carried down to an appreciable extent along with a choles- 
terol digitonide precipitate. 

Hydrolysis with alcoholic KOH was carried out on 138 mg. of the 
cholesterol acetate. The cholesterol was recrystallized from acetone and 
precipitated with digitonin for counting. Duplicate measurements gave 
237 and 234 c.p.m. per mg., representing an insignificant (3 per cent) loss 
in specific activity as a result of passage through the acetate. 

Dibromination—In agreement with Schoenheimer’s observations (based 
on non-isotopic experiments), we found passage through the dibromide 
quite effective in removing cholestanol from cholesterol. One passage 
reduced the cholestanol content of our mixture to 1.16 per cent, as judged 
by the C“ measurements. Two passages reduced the percentage to 0.15. 
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TaBLe II 
Radioactivity of Successive Crops of Sterols Crystallized from Acetone Containing 


Cholesterol Contaminated with Approximately 5 Per Cent Radioactive 
Cholestanol 


Crop No. Weight of crop C.p.m. per mg. 
gm 
1 0.034 26 
2 0.854 40 
3 0.011 150 


TABLE III 
Per Cent Composition of Mixtures of Sterols Obtained by Fractional Crystallization 


By measurement of 


Crop No. sadbanetivian By infra-red analysis 
2 Cholesterol 95 95 
Cholestanol 4.8 4.7 
3 Cholesterol 82 80 
Cholestanol 18 20 


The infra-red analyses were made by comparison of the absorption at 1050 em.~! 
and 1036 em.~', at which cholesterol and cholestanol, respectively, show absorption 
maxima. In view of the errors involved in a quantitative infra-red analysis of this 
sort, it is considered that the excellence of the agreement is partially fortuitous. 
The authors are indebted to Dr. Jesse F. Scott for the performance and interpreta- 
tion of the infra-red analyses. 


TABLE IV 





Radioactivity of Successive Crops of Homogenate Cholesterol Crystallized from Acetone 
Crop No. Weight of Crop C.p.m. per mg. 
a. 
| 

1 0.208 245, 246 

2 1.245 246, 238 

3 0.293 266, 251 

4 0.005 294, 300, 286 

TABLE V 


Effect of Passage through Dibromide on Radioactivity of Homogenate Cholesterol 


Times through dibromide C.p.m. per mg. 





ER ie fa og Ai ge ole eed 246, 238 
Once 242, 245 
Twice 240, 241 





{SO CHOLESTEROL FORMATION IN HOMOGENATES 


In a parallel experiment, 914 mg. of homogenate cholesterol from Crop 2 
were brominated and recovered from the dibromide. The product was 
recrystallized and the procedure repeated. As is seen in Table V, the spe- 
cific activity of all samples counted, from the starting material and from 
that passed through the dibromide once and twice, fell within a total 
range of 3 per cent. 

Solubility—A solubility curve on the artificial mixture, with 81 per cent 
ethanol as solvent, provided strong evidence of inhomogeneity in that 
the specific activity of the dissolved sterols in the vessels containing large 
amounts of undissolved solid was only 20 to 50 per cent that of the start- 
ing material. 
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Fig. 8. Solubility curve of radioactive cholesterol synthesized by homogenates. 
O, concentration of dissolved cholesterol in mg. per ml., calculated from the weight 
of the digitonide precipitate; X, radioactivity in counts per minute per ml. The 
solvent was 81 per cent ethanol, 19 per cent water (by volume). The samples were 
shaken for 48 hours at room temperature (approximately 25°). 


Fig. 8 is a solubility curve carried out with homogenate cholesterol from 


Crop 2, after one passage through the dibromide. An essentially similar 


curve was obtained with material that had not been through the dibromide. 
We interpret these curves as compatible with the assumption that the 
material from the homogenate is largely cholesterol. In fact, the curves 
do not provide significant evidence for the presence of any radioactive 
impurity. 


DISCUSSION 


Taken together, these results appear to leave little reason to doubt that 
these homogenates do indeed incorporate C' from acetate into cholesterol. 
Fractional crystallization indicates that other radioactive substances are 
also present, but in much smaller quantities than in cholesterol obtained 
in the perfusion experiments of Schwenk and Werthessen (1). 
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Bloch and his coworkers (8) have shown that the carbon from acetate 
incorporated into cholesterol by liver slices is widely dispersed throughout 
the molecule. In view of the lability of many synthetic systems in ho- 
mogenates, the fact that the radioactivity of the cholesterol in the present 
experiments continues to rise for many hours raises the question of whether 
in our system a total synthesis may not be occurring. Pending completion 
of degradative studies on homogenate cholesterol, the possibility must be 
kept in mind that the C" is entering the molecule by way of an exchange 
reaction, or that only a partial synthesis is taking place. 


SUMMARY 


1. We have investigated the effects of altering the composition of the 
incubation mixture upon the incorporation of carboxyl carbon from ace- 
tate-1-C™ into cholesterol, and have found that with approximately 200 
mg. of tissue the maximal uptake was obtained in 2.5 ml. of the following: 
0.08 m potassium phosphate buffer, pH 7.4, 0.03 m nicotinamide, 0.0048 m 
MgClo, 0.0008 m DPN, and 0.012 to 0.016 m acetate. 

2. The radioactive cholesterol formed by these homogenates was re- 
covered as the digitonide. Examination of one batch of such material 
from the standpoint of radiochemical identity and purity by fractional 
crystallization, passage through the dibromide, acetylation, and solubility 
all yielded results compatible with the hypothesis that the radioactive ma- 
terial was largely cholesterol. 


The authors would like to express thanks to Dr. Joseph C. Aub for help- 
ful encouragement and to Dr. Elizabeth B. Keller and Dr. Lewis L. Engel 
for valuable criticism and advice. 
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THE CONVERSION OF CYSTINAMINE TO TAURINE IN 
RAT, RABBIT, AND MAN 


By LORENTZ ELDJARN 


(From the Norsk Hydro’s Institute for Cancer Research, Biochemical Section, 
The Norwegian Radium Hospital, Oslo, Norway) 


(Received for publication, August 13, 1953) 


Robbers (1) first suggested mercaptoethylamine as an intermediate in 
the metabolism of the amino acid cysteine, a cysteine-decarboxylating 
enzyme being postulated. Such an enzyme, however, has never been 
demonstrated. Sullivan ef al. (2) claimed that the addition of cystinamine 
(the disulfide of mercaptoethylamine) to the diet decreased the cystine 
requirement of growing rats, while others (3, 4) failed to obtain evidence 
in support of this view. The occurrence of mercaptoethylamine as a part 
of the coenzyme A molecule (5, 6) reopens the question of the compound 
as a possible metabolic intermediate. Furthermore, cystinamine, as well 
as mercaptoethylamine, has been shown to exhibit a marked degree of 
protective action against ionizing radiation (7). 

In order to investigate the possible réle of mercaptoethylamine as an 
intermediate in the animal organism, tracer studies with cystinamine 
labeled with radioactive sulfur were undertaken. In this paper studies on 
the gross metabolism of cystinamine in the rat, rabbit, and man will be 
reported. The compound is rapidly metabolized, an appreciable amount 
being excreted as taurine in the bile and urine. In the growing rat the 
compound is not converted to cystine. 


Methods and Material 


Cystinamine dihydrochloride labeled with radioactive sulfur was pre- 
pared from labeled sulfuric acid as described elsewhere (8), potassium thio- 
cyanate serving as an intermediate in the synthesis (9). For the final 
crystallizations of the compound, the previously described methods proved 
unsuitable when small amounts of material were employed. The following 
method was found to be more satisfactory. Approximately 100 mg. of 
cystinamine dihydrochloride are dissolved in a mixture of 6 ml. of absolute 
ethyl alcohol, 0.5 ml. of concentrated hydrochloric acid, and 0.5 ml. of 
water. Silky, crystalline needles melting at 219-220° precipitate as ethy] 
ether is added dropwise to the clear solution heated gently on a water bath. 
The yield of crystallization exceeds 90 per cent. 

The specific activity of the different batches of cystinamine varied 
from 10 to 70 ye. per mg. For the purpose of administration, the com- 


483 








484 CONVERSION OF CYSTINAMINE TO TAURINE 


pound was dissolved in sterile physiological saline. The dose was caley- 
lated from the weight of the solution delivered from the syringe. 

Male rats and rabbits raised at this institute were used. Furthermore, 
the metabolism of the compound was also studied in a human male, 60 
years of age, supplied with a bile duct fistula following surgical removal of 
a gallstone in the common bile duct. 

Free sulfate, total sulfate, and total sulfur were determined in the urine 
according to the methods of Folin and Benedict (10). In a check run, 131 
mg. of barium sulfate were precipitated in the presence of 0.2 mg. of labeled 
cystinamine. The isolated barium sulfate contained 0.025 per cent of the 
cystinamine radioactivity. Hence, in the determination of total and free 
sulfate, contamination with cystinamine is negligible. 

Taurine was isolated from the urine after addition of 200 mg. of unlabeled 
taurine as carrier. The neutralized or faintly acid urine was evaporated 
to dryness under reduced pressure. The taurine was extracted from the 
residue with hot 50 per cent ethyl alcohol and purified by repeated recrys- 
tallizations from the same solvent. To check this method for possible 
contamination of taurine with cystinamine, 400 mg. of unlabeled taurine 
and 1 mg. of labeled cystinamine were dissolved in 25 ml. of human urine. 
The taurine isolated from this mixture contained less than 0.05 per cent 
of the added cystinamine radioactivity. 

The bile was heated for 4 hours with 2 N hydrochloric acid in order to 
hydrolyze the taurocholic acids, 200 mg. of unlabeled taurine and 200 mg. 
of unlabeled cystinamine having been added as carriers prior to the heating. 
Check runs with tracer amounts of labeled cystinamine treated in this 
manner showed that approximately 25 per cent of the cystinamine could 
be converted to taurine. In the presence of carrier cystinamine, this con- 
version on a percentage basis decreased below 3 per cent. 

For the isolation and purification of cystine from rat hair the method 
described by Stekol and Weiss (11) was used. 

The cystine and taurine samples were oxidized to sulfate in the same 
way as for total urinary sulfur (10). For these compounds quantitative 
recovery of the sulfur as barium sulfate was obtained by this method. 

The radioactivities of the samples, plated as barium sulfate, were deter- 
mined, after correction for self-absorption and decay in the conventional 
manner. In most cases duplicate analyses were run. For these analyses 
the average deviation from the mean was found to be less than 4 per cent. 

In the results presented only the means are recorded. The figures in 
parentheses give the standard deviation of the counting procedure alone. 


EXPERIMENTAL 


Metabolism of Cystinamine in Rat—Fight male rats weighing from 164 
to 235 gm. were injected subcutaneously with 0.1 mg. each of radioactive 
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eystinamine. Urine was collected in a metabolism cage, contamination 
with feces being avoided. The urine was analyzed for free and total sul- 
fate and total sulfur radioactivity as described above. In this experiment 
taurine was not isolated. The results are recorded in Table I, expressed 
as per cent of total radioactivity recovered. The total recovery was 
slightly above 50 per cent of the injected dose. The data show that cys- 
tinamine is rapidly metabolized in the rat, the greater part of the sulfur 
being oxidized to sulfate. This experiment was repeated with a second 
group of eight male rats. The data obtained were essentially similar to 
those recorded. 

The conversion of cystinamine to taurine was demonstrated in surviving 
rat liver slices. Two flasks were used, each containing 1 gm. of pooled 
slices from livers of adult, male rats and 10 ml. of Krebs-Ringer phosphate 
medium of pH 7.4. One of the flasks was placed in a boiling water bath 


TABLE I 
Urinary Excretion of S** Following Single Subcutaneous Injection of Labeled 
Cystinamine in Male Rats 


Per cent of recovered radioactivity 


| ist day 2nd day 3rd day 

t Bevis 
Total S... | 61.7 6.7 | 11.7 
“ $0, | 31.7 13.1 3.8 
Rad | 18.1 11.2 1.7 
Organic S (by difference) 30.0 13.6 7.9 





for 1 minute and subsequently cooled to room temperature. To each 
flask was then added 0.5 mg. of labeled cystinamine, whereupon the flasks 
were incubated for 3 hours at 37° with continuous stirring. The gas 
phase was air. 

After incubation, the mixtures, with the addition of 200 mg. of unlabeled 
taurine as carrier, were homogenized in a Potter-Elvehjem grinder. Pro- 
teins were precipitated by the addition of trichloroacetic acid to a final 
concentration of 5 per cent and removed by centrifugation. The super- 
natant solution and washings were concentrated to a small volume in vacuo 
and taurine was isolated and purified as described. The radioactivity of 
the isolated taurine showed that 10.28 (0.59) per cent of the cystinamine 
had been converted to taurine in the unheated flask, while the boiled slices 
gave 0 (+1.0) per cent conversion of cystinamine to taurine. 

In a later experiment two male rats were injected subcutaneously with a 
total of 17.1 mg. of labeled cystinamine. The animals were sacrificed 
after 30 minutes. Taurine was isolated from the pooled livers as described 
for slices, 500 mg. of unlabeled taurine being added as carrier. The radio- 
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TABLE II 


Excretion of S** in Urine and Bile Following Single Subcutaneous Injc clion 0 
g g J 


Labeled Cystinamine in Rabbits 


Per cent of injected radioactivity 














Rabbit 
Total S Total SO, Free SO, Taurine 
9,2 days | Urine |31.0 (+0.4) 14.4 (+0.2) 3.7 (40.2 
o’, 26 hrs.*| - 2.47 (+0.13) 0.54 (40.03) 0.36 (+0.02) 
Bile 1.8 (+0.1) 5.2 (40.1 
* Supplied with a bile duct fistula. 
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Fig. 1. Urinary excretion of S*5 following single subcutaneous injection of labeled 
cystinamine in a human male supplied with a bile duct fistula. Below the abscissa 
is recorded the total amount of radioactivity removed with the bile samples. The 
dotted curves represent values obtained by difference. 
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activity of the isolated taurine showed that 0.170 (0.002) per cent of the 
injected radioactivity was present as taurine in the livers. Expressed as 
per cent of total radioactive sulfur in the livers, 8.78 (0.08) per cent was 
recovered as taurine. 
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Fig. 2. Biliary excretion of S** following single subcutaneous injection of labeled 
cystinamine in a human male supplied with a bile duct fistula. The dotted curves 
represent values obtained by difference. 


To check the possible conversion of cystinamine to cystine, a male rat 
weighing 75 gm. was injected subcutaneously with a total of 10 mg. of 
labeled cystinamine, divided into two daily injections for 14 days. The 
animal was sacrificed, and the hair was removed and washed with soapy 
water containing unlabeled cystinamine. Further treatment followed the 
method referred to previously (11), the only modification being that 300 
mg. of unlabeled L-cystine were added as carrier prior to the hydrolysis. 
The radioactivity recovered in the cystine from the total amount of hair 
removed (1.144 gm.) was equivalent to 0.107 (+0.003) per cent of the 
injected cystinamine radioactivity. 
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Metabolism of Cystinamine in Rabbit—A female rabbit weighing 39 
kilos was injected subcutaneously with 3.016 mg. of labeled cystinamine. 
The animal was kept in a metabolism cage, and urine was collected during 
the following 2 days. The urine was analyzed for taurine, total sulfate 
and total sulfur. The results are recorded in Table II, expressed as per 
cent of injected radioactivity. 

In a second experiment a male rabbit weighing 2.1 kilos was anesthetized 
with urethane and a small catheter was introduced into the isolated bile 
duct. Although attempts were made to correct for alkali deficiency, the 
animal died after 26 hours. Bile (57 ml.) and urine were collected during 
this period. The urine was analyzed for free sulfate, total sulfate, and total 
sulfur radioactivity. The bile was analyzed for total sulfur and taurine 
radioactivity. The results are also recorded in Table II, expressed as per 
cent of the injected radioactivity. 

In a similar experiment, the rabbit lived only for 18 hours. The results 
obtained for this animal were essentially similar to those recorded above. 

Metabolism of Cystinamine in Man—The human male referred to earlier 
was injected subcutaneously with 25 mg. of labeled cystinamine. Urine 
and bile were collected in 24 hour portions for 5 and 4 days, respectively. 
The first bile portion (450 ml.) was analyzed in toto. The later bile por- 
tions (425, 400, and 281 ml.) were reintroduced through a stomach tube 
except for 25 ml. samples kept for analyses. All the urine samples and 
the first bile portion were analyzed for free and total sulfate, total sulfur, 
and taurine. The other bile samples were analyzed for total sulfur radio- 
activity only. The results of the urine analyses are shown in Fig. 1, 
expressed as per cent of the injected radioactivity. Below the abscissa 
is recorded the total radioactivity in the bile samples removed from the 
patient. The data for the bile are plotted in Fig. 2. 


DISCUSSION 


Bacq et al. (12) have found that cystinamine is reduced to mercapto- 
ethylamine in vivo. Therefore, the results obtained for the metabolism 
of cystinamine should also be valid for the mercaptoethylamine. 

The data reported show that cystinamine is rapidly metabolized in the 
rat, rabbit, and man. The bulk of the sulfur is excreted as free and es- 
terified sulfate in the urine. 

Of particular interest is the fact that a considerable amount of cystin- 
amine is converted to taurine and excreted as such in urine and bile. 
Previous attempts to demonstrate this conversion with unlabeled cystin- 
amine have failed (1, 13), an increased urinary excretion of sulfate and total 
sulfur being the only detectable effect on sulfur metabolism after cystin- 
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amine administration. The unexpected finding in our patient, that taurine 
corresponding to as much as 18 per cent of the administered cystinamine 
is excreted in the urine, while less than 10 per cent appears in the bile as 
taurine during the same period of time, might be related to the subicteric 
status of the patient. The finding is, however, consistent with the ob- 
servation! that labeled taurine, when administered to rat and man, is 
excreted to a considerable extent in the urine. 

The rapid conversion of cystinamine to taurine demonstrated in rat 
liver slices indicates that the liver is the most important organ for this 
transformation. The system involved is heat-labile. 

The most likely pathway for the transformation of mercaptoethylamine 
to taurine would be by way of the sulfenic and sulfinic analogues of taurine. 
Awapara and Wingo (14) recently have shown that the injection of radio- 
active cysteine in the rat gave rise to labeled 2-aminoethanesulfinic acid 
(hypotaurine) in the liver after 20 minutes. Labeled taurine appeared 
somewhat later. These workers suggest that the formation of hypotaurine 
proceeds by way of cysteinesulfinic acid, although they were unable to 
detect this acid on chromatograms. The demonstration of a cysteine- 
sulfinic acid decarboxylase (15, 16) lends support to their theory. 

The conversion of mercaptoethylamine to taurine in different mam- 
mals suggests that another pathway for the taurine formation may exist. 
Avian liver contains an amidase, which specifically removes the mercapto- 
ethylamine residue from pantetheine (3). This source of mercaptoethyl- 
amine, however, hardly can be of any quantitative significance. The pos- 
sibility remains that mercaptoethylamine can be formed from cysteine or 
homocysteine by other routes. Investigations are underway to test this 
hypothesis. 

The recovery of only 0.107 per cent of the administered cystinamine 
sulfur in the cystine isolated from rat hair is interpreted to mean that a 
possible formation of mercaptoethylamine from cysteine would not be 
reversible. Most likely, bacterial activity in the intestines may account 
for the small activity found. 

Unfortunately no data were obtained for the excretion of unchanged 
cystinamine. As judged from the amount of radioactivity in the urine, 
not accounted for in other forms, a maximum of 12 per cent of the sub- 
cutaneously injected cystinamine is excreted unchanged. Bacq et al. 
(12), on the other hand, claim that 35 per cent of intravenously injected 
mercaptoethylamine is excreted unchanged in the urine. Their higher 
values may be due to the different form in which the compound was given 
or to the different route of administration. 


'Eldjarn, L., and Bremer, J., unpublished data. 
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SUMMARY 


The gross metabolism of sulfur-labeled cystinamine has been studied _ 
in rat, rabbit, and man. i 
In a male subject, after subcutaneous administration, a maximum of 3” 
per cent of unchanged cystinamine was excreted in the urine. 
An appreciable amount of the compound is converted to taurine and” 
excreted as such in bile and urine. ‘This conversion takes place in the liver, 
The system responsible was found to be heat-labile. 
In the rat only a negligible amount of cystinamine sulfur is recovered © 
in cystine. 


The technical assistance of Miss Kirsten Kirkaas is gratefully acknowk | 
edged. 
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